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In  the  second^ revised  edition  of  this  book  we 
consider  the  fundamental  oroblems  of  hlgh-soeed  gas 
motion.  In  the  first  cart  of  the  book,  consisting 
of  five  chanters,  wa  give  the  general  theory  of  one~ 
dimensional  and  nlane  flows.  The  material  in  subse¬ 
quent  chanters  is  anolied.  In  them  we  examine,  in 
sequence,  the  motion  of  gas  in  nozzles,  diffusers, 
ejectors,  lattices,  and  turbine  stages. 

This  book  is  a  training  aid  for  the  course  on  the 
fundamentals  of  gas  dynamics  for  thermotechnical  de- 
oartments  of  power-engineering  and  polytechnieal  in¬ 
stitutes. 

The  book  can  be  useful  for  engineering  and  scientific 
workers  in  laboratories  and  design  bureaus  in  factories. 
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Preface  to  Second  Edition 

In  the  eight  years  that  have  elapsed  from  the  time  of  first  edition  of  this 
book,  various  branches  of  gas  dynamics  have  developed  very  intensively.  Significant 
successes  were  attained  in  solving  a  number  of  the  most  important  gas-4ynamlc  pro¬ 
blems  in  the  fields  of  rocket  technology,  aviation,  interior  and  exterior  ballistics, 
and  industrial  aerodynamics.  The  methods  of  gas  dynamics  have  occupied  a  durable 
olace  in  the  thermoelectric  power  Industry. 

In  connection  with  the  need  for  increasing  the  efficiency  of  steam  and  gas  tur¬ 
bines  and  compressors,  vast  developments  have  been  achieved  in  the  field  of  the  gas 
dynamics  of  the  flow  section  of  turbomachines. 

At  the  same  time,  during  the  past  eight  years  there  has  been  additional  exoer- 
lence  gained  in  teaching  a  number  of  classes  in  gas  dynamics  in  power-engineering 
and  polytechnical  universities. 

In  these  circumstances  lies  the  basis  for  a  substantial  revision  of  the  book. 

All  chapters  of  the  book,  with  the  exception  of  Chapter  were  subjected  to  method¬ 
ical  revision,  thelx'  contents  were  revised  substantially,  and  certain  chapters  have 
been  entirely  rewritten. 

The  theory  of  one-dlmenslonal  isentrople  motion  has  been  expanded  into  independ¬ 
ent  chapter  (Chaoter  2).  Chapter  3  (theory  of  olane  flow  of  an  ideal  comoressible 

fluid),  is  expanded,  with  a  more  detailed  account  of  aporoximstlon  methods  of  cal¬ 
culating  the  influence  of  compressibility  in  subsonic  flows.  It  includes  a  method 


/ 


of  calculating  curvilinear  channels. 

Chapters  5-10  are  virtually  entirely  rewritten. 

In  connection  with  the  great  practical  importance  of  methods  of  calculating 
the  losses  to  friction  in  different  apparatuses.  Chapter  5  gives  a  new  account  of 
the  boundary  layer  theory  during  gradient  flow,  and  the  results  of  an  experimental 
Investigation  of  laminar  and  turbulent  layers  at  high  speeds.  In  this  chapter  the 
eections  devoted  to  questions  of  gas-dynamic  similarity,  resistance  of  poorly 
streamlined  bodies,  and  motion  in  tubes  and  curvilinear  channels,  are  expanded. 

Chapter  6  gives  a  presentation  on  calculating  ef fuser  flows  in  nozzles.  Since 
we  have  published  a  specialized  book,  and  also  for  the  purpose  of  brevity,  the  theory 
of  labyrinth  seals  is  not  expounded  in  this  second  edition.  The  methodology  of 
designing  nozzles  In  variable  regimes  is  expanded  and  made  more  accurate. 

The  theory  and  methods  of  designing  diffusers  and  ejectors  comprises  an  inde¬ 
pendent  chapter,  Chapter  7«  All  sections  of  this  chapter  are  based  on  the  data  of 
investigation  made  at  the  Moscow  Institute  of  Power  Engineering  [MEI]  and  other 
institutes  In  recent  years.  In  Chapter  7,  special  attention  is  devoted  to  the  ducts 
of  exhaust  turbomachines. 

Chapter  3  is  written  on  the  basis  of  results  of  theoretical  and  experimental  in¬ 
vestigations  of  lattices,  obtained  in  1954-1959.  All  experimental  data  in  thie 
chapter  have  been  up-dated. 

In  Chapter  9  of  the  second  edition,  we  discuss  questions  of  gas  motion  in 
turbomachine  stages.  Here,  new  methods  of  calculating  spatial  flow  of  gas  in  the 
stages  and  certain  results  of  experiments,  obtained  recently,  are  discussed.  Ques¬ 
tions  of  a  variable  system  of  stage  regime,  discussed  in  the  special  literature, 
are  omitted  in  this  edition. 

In  Chapter  10  certain  recent  results,  attained  in  the  area  of  methods  of 
experimental  investigation  of  the  flow  sections  of  turbomaohines .  However,  due  to 
the  limited  size  of  this  book,  this  chapter  is  presented  in  abridged  form. 
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Unlike  in  the  first  edition,  an  attempt  to  analyze  flows  of  real  gas  (Chapters 
2-4),  has  been  made. 

In  revising  the  book,  we  consider  the  remarks  in  published  reviews  of  the  book, 
and  also  those  communicated  to  the  author  by  persons  using  the  first  edition  in  their 
work.  The  entire  book,  intended  as  a  training  aid  in  the  course  of  hydrogas-dynamics 
has  been  re-examined  in  accordance  with  changes  in  educational  plana  for  heat-power 
engineering  departments,  and  also  by  taking  into  account  personal  experience  of 
teaching  the  course.  The  discussion  of  separate  questions  has  been  simplified  and 
made  more  specific,  misprints  and  errors  in  the  first  edition  have  been  corrected. 

The  book,  gives  the  results  of  investigations  in  the  USSR  and  abroad.  A  signi¬ 
ficant  part  of  the  material  consists  of  results  of  works  conducted  by  collaborators 
in  the  Department  of  Steam  and  Gas  Turbines,  Moscow  Institute  of  Power  Engineering 
[MEI]  and,  in  particular,  the  author. 

During  preparation  of  second  edition  the  author  strived  to  maintain  general 
purpose  of  book,  oriented  for  the  study  of  fundamental  problems  in  aerodynamics  of 
flow  section  of  turbomachlnes* 

In  work  on  the  second  edition,  author  was  given  much  assistance  by  collaborators 
of  Department  of  Steam  and  Gas  Turbines  [MEI],  Chapter  5  was  written  in  collaboration 
with  A.  E.  Zaryankin,  Chapter  6  with  the  participation  of  A.  V,  Gubarev,  and  Chapter 
10  In  collaboration  with  P.  V.  Kazintsev. 

Author  was  assisted  by  the  following  collaborators  in  the  Department  of  Steam 
and  Gas  Turbines  (MEIj:  Engineers  G.  A,  Filippov,  A.  V.  Robozhev,  and  V.  G. 

Filippova,  and  Doc.  A.  K.  Sherstyuk. 

In  reviewing  and  editing  the  book  valuable  comments  were  made  by  the  Doctor  of 
Technical  Sciences,  S.  G.  Abramovich  and  Candidate  of  Technical  Sciences,  Doc.  B.  Ya. 
Shumyatskly. 

.  To  the  indicated  persons,  and  also  to  the  staff  of  the  Department  and 
Laboratory  of  Steam  and  Gas  Turbines  [MEIJ  the  author  expresses  his  deep  gratitude. 
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CHAPTER 


FUNDAMENTAL  CONCEPTS  AND  EQUATIONS  OF  GAS  CVNAMICS 


1-1.  Floy  Parameters 

The  state  of  motionless  gasi  as  Is  well-known,  Is  characterized  by  the  pressure, 

density,  and  temperature*  l.e*,  parameters  of  the  state.  The  relationship  between 

parameters  of  the  state  is  established  In  thermodynamics.  For  a  perfect  gas  this 

relationship  la  expressed  in  simple  form  by  equation  of  state; 

J  -  igRT,  (1-1) 

where  is  the  acceleration  of  the  gravity  force,  m/see^; 

a 

R  is  a  gas  constant  ,  having  In  engineering  system  of  units  the  dimensionality 

kg*»\/kg.deg. 

For  air  the  gas  constant  is 

H  •  29.27 

For  ouperheated  water  vapor  (approximately) 

R  »  47.1  kg*m/kg*deg. 

instead  of  the  density  p  In  the  equation  of  state  there  may  appear  the  specific 
gravity  or  specific  volume  of  gas. 


'**'  In  a  number  of  cases.  It  is  found  convenient  to  combine  the  constant  magnitudes 
In  the  equation  of  state  (1-1)  and  to  write  it  out  as: 


i; 


Rt, 


(1-la) 


where  R  gR  ip  engineering  system  of  unite  has  the  dimensionality  ■V®se2«deg. 
Here  p  in  kg/m*”,  pin  kg. sec end  T  in  K®. 


H 


Batween  the  densityj  specific  gravity  and  specific  volxme  there  exists  the 


evident  relationship 


•I., 

i 


(1-lb) 


ifhere  Y  is  the  specific  gravity}  v  is  the  specific  volume. 

In  a  gas  notion  the  parameters  of  state  are  not  only  physical y  but  also  dynamic 
characteristics  of  the  flovr.  In  general  eassy  they  varj  in  the  transition  from  one 
point  of  space  to  anothery  and  from  one  moment  of  time  to  another.  Consequently  py 
Py  and  T  depend  on  position  of  point  and  on  time  and  should  be  determined  as  point 
parameters. 

At  each  point  of  a  perfect  gas  in  motion  the  parameters  of  states  ars  associated 
with  each  other  by  the  equation  of  state  (1-1)*  In  many  practical  important  caaes, 
the  connection  between  parameters  p,  and  T  is  expressed  In  more  complex  form.  In 
an  analysis  of  the  physical  properties  of  real  gases  sometimes  it  is  Impossible  to 
disregard  the  natural  volume  of  moleoulea  and  forces  of  interaction  between  them, 
Theae  factors  are  reflected  especially  slgnifleantlyy  if  the  pressures  of  the  gas 
are  high  andy  consequently,  concentration  of  moleoulea  in  a  given  volume  is  high. 
Thus,  in  general  ease  of  a  tranaieni  flow  of  gas  the  parameters  of  the  state 


depend  on  the  coordinates  and  timet 

r«=r(x, 

where  x,  y.  s  are  coordinates  of  the  point;  t  is  the  time. 


[•».  y.  ».  0i  \ 
I.  y,  ».  0;  I 

Xy  y,  *y  /).  ' 


(1-2) 


For  the  aolution  of  problem  about  flow  of  a  compressible  fluid,  which  in  the 


final  analysis  reduces  to  establishment  of  an  energy  Interaction  between  stream¬ 
lined  body  and  the  fluid  (external  flow  round)  or— in  case  of  internal  flow  (tubes 
[pipes]  channels)  -  to  establishment  of  an  energy  oqullibrium  of  the  flow,  it  is 
necessary  to  determine  kinematic  picture  of  flow,  l.e.,  to  find  speed  [velocity] 
field  of  flow.  This  means  that  equally  with  the  relatlonshipe  (1-2)  there  must  be 
found  the  components  of  speed  of  a  particle  as  a  function  of  cooi’dlnates  and  time. 
The  speed  of  a  gas  particle  varies  in  the  transition  from  point  to  point  and  with 


the  passage  of  time. 


♦Translation  Editor's  Note:  The  terms  "speed*'  and  "velocity"  are  not  differ 
entiatod  In  this  monograph. 
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Consaquentljr*  projections  of  the  speed  onto  the  coordinate  axis  can  be  represented 
by  the  equations: 

u  z=^u(x.  tf.  t):  ^ 

(l-S) 


9s=o(x.  2.  <):  j 

»s=w(jc,  y,  2.  0.  ^ 


where  u  —  projection  of  vector  of  speed  c  onto  the  x>axis,  and  v,  w — onto  the  y- 
4nd  *-axeo,  respectively. 

Paremeters  of  flow  of  a  real  (viscous)  fluid  Include  also  yLecosltXi  irtiich  rauet 
be  deten&lned  as  a  parameter  at  a  point. 


.It  la  knovm  that  coefficient  of  viscosity  is  the  ratio 

Tn 


(1-4) 


dn 


wherei  is  the  frictional  force^  pertaining  to  an  isolated  surface*  kg/m^; 

is  the  gradient  of  speed  along  normal  to  isolated  surface  of  friction  at  a 
given  point (,5c). 

Coefficient  of  viscosity  has  dimensionality  in  engineering  system  of  unite 
2 

kg. sec/m  < 

In  a  general  casej  for  real  gas  the  coefficient  of  viscosity  depends  on  the 
temperature  and  pressure.  However,  the  dependence  on  pressure  in  vdde  range  of  the 
pressure  changes  is  found  to  be  very  insignificant  and  can  be  ignored.  Thus*  coeffic¬ 
ient  of  viscosity  can  be  expressed  in  a  dependence  only  on  the  temperature.  Corre- 
SDondlng  formulas  for  different  gases  are  established  experimentally. 

Vfs  note  that  law  of  friction  in  gases,  expressed  by  formula  (1-4),  belongs  to 
Newton  and  is  valid  only  for  laminar  flows.  In  turbulent  modes  of  flow*  coefficient 
of  friction  acquires  completely  new  content  in  accordance  with  others*  with  a  rign- 
Ifloantly  more  complex  mechaniom  of  the  viscosity* 

For  solving  the  above-indicated  fundamental  problem  it  is  necessary  to  determine 
u*  V  and  w*  and  also  p,  p  and  T  as  functions  of  the  coordinates  and  time.  Henceforth 
there  will  be  analyzed  only  steady  flows  of  gas  and  the  enumerated  parameters  of  flow 
should  bo  determined  only  in  relation  to  the  coordinates  x,  y  and  a. 
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For  this  purpose  I  we  shall  set  up  six  fundamental  equations:  equations 
of  mcmtentum  in  projections  onto  coordinate  axis,  equation  of  conservation  of  mass, 
eqimtion  of  conservation  of  energy  and  the  equation  of  state. 

1-2.  Certain  Fundamental  Concents  of  Aerohydromeohanics 

Before  we  proceed  in  deriving  the  fundamental  equations  of  motion,  we  shall 
dwell  on  certain  concepts  of  aerohydromeohanics,  necessary  for  the  discussions 
henceforth. 

Let  us  assume  In  moving  fluid  a  number  of  points,  each  of  which  lies  in  sense 
of  the  speed  vector 


Fig.  1-1.  Diagram  for  determining 
lines  of  flow.  1 

of  the  preceding  point .  Ely  decreasing  the  distance  between  neighboring  points  down 
to  aero  and  drawing  through  these  points  a  line,  we  obtain  a  line  of  flow.  For 
each  moment  of  time,  the  speed  Areotors  will  be  tangent  to  this  line.  Consequently, 
motion  of  fluid  particles  at  a  given  moment  of  time  occurs  along  a  line  of  flow. 

If  the  motion  is  transient,  than,  obviously,  the  speed  at  point  A  at  the  follow¬ 
ing  moment  of  time  will  differ  from  in  magnitude  and  direction  (Fig.  1-1).  As 
a  result  the  line  of  flow  will  occupy  a  new  position  in  space.  It  follows  ffo® 
this  that  in  a  transient  motion  the  lines  of  flow  change  their  shape  and  position 
in  space. 

^In  Sec.  1-2  very  briefly  there  are  dlscueeed  certain  basic  concents  of 
aerohydromechanic  ,  v^ioh  are  encountered  in  special  chapters  of  the  book. 
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Foir  «  steady  wotion  the  magnitude  and  sense  of  a  vector  of  speed  do  not  vary 
in  time;  in  this  case,  the  lines  of  flow  maintain  a  constant  shape  and  position  in 

space . 


On  the  line  of  flow  s  (Fig.  1-2}  we  Isolate  the  elementary  section  ds  and  wlJl 
project  it  onto  the  coordinate  axis  (sectors  dx,  dy,  dz).  We  shall  find  the  angles 


between  element  ds  and  vector  of  speed  with  coordinate  axes: 

cos(^> 


?  — 

e  Si  * 


Hence,  we  obtain: 


4/x  dn  ds 

M  9  w  e 


Consequently,  differential  equation  of  the  lines  of  flow  has  the  form: 

m  ”5"  B>  ’ 


Ws  shall  isolate  in  the  moving  fluid  a  certain  infinitesimally  small  closed 
contour,  through  each  point  of  which  passes  a  line  of  flow  (Fig.  1-3 )•  The  totality 
of  all  lines  of  flow  will  form  a  certain  closed  surface  a  tube  of  flow.  The  fluid, 
moving  inside  the  tube  of  flow,  is  called  an  elementary  flow. 


Fig.  1-2.  Diagram  for  deriving  differential 
equation  of  lines  of  flow. 


i 


In  returning  to  the  concept  of  a  line  of  flow,  we  note  that,  In  a  steady  motion, 
It  coincides  with  trajectory  of  particle.  The  trajectory  is  a  line,  expressing  the 
path  made  in  space  by  the  particle  for  a  certain  time  interval.  The  line  of  flow 
is  an  instantaneous  line,  along  which  at  a  given  moment  of  time  the  aggregate  of 
particles  moves.  It  is  obvious  that  only  in  a  steady  motion  can  these  concepts 
conform,  since  in  this  case,  the  trajecories  of  all  particles,  passing  through  any 
one  fixed  point  of  space,  will  be  identical 


Fig.  1-3*  Diagram  for  determining  the 
tube  of  flow  and  elementary  flow. 

and,  consequently,  at  each  moment  of  time  all  i>artlcles,  that  lie  on  trajectory, 
will  generate  also  a  line  of  flow. 

In  the  general  case,  the  motion  a  fluid  particle  is  complex.  Equally  with  the 
translaiory  motion  along  certain  trajectory  the  particle  may  rotate  with  respect 
to  Its  own  axis  and  In  process  of  this  motion  la  deformsd* 

Owing  to  the  nonldentical  speeds  on  different  edges  the  particle  experiences  a 
linear  deformation  and  shearing  strain  or  shear.  If  at  initial  moment  of  motion 
the  particle  had  the  shape  of  a  parallelepiped,  then  with  the  passage  of  time  as  the 
result  of  deformation,  its  shape  changes.  In  case  of  a  compressible  fluid 
also  the  volume  of  particle  changes. 

In  turning  to  Fig.  1-4,  wo  shall  analyse  the  rotation  and  deformation  of  one 
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of  the  edgoa  of  the  parallelplped  •hotm  in  Pig.  1-2.  If  «  point  D  (Fig.  1-4)  Pl^ 
jeotion  of  speed  onto  the  x-axls  will  be  u,  then  at  point  A  it  will  bo 
Under  the  effect  of  the  difference  of  speeds  at  these  points,  equal  to  the  edge 


DA  will  be  rotated  by  certain  angle  d«^,  after  being  transferred  with  respect  to 
point  D  for  an  element  of  time  dt  to  the  position  DA^.  fhe  magnitude  of  the  sector 
AA.  is  determined  by  the  formula 

During  the  considered  element  of  time,  point  D'  will  be  displaced  along  the  y- 
axis  by  magnitude 

Here,  the  edges  DA  and  DD'  will  be  rotated  by  small  angles  d«^  and  d«2>  idiloh 
are  determined  by  the  evident  equations: 

and  ’ 

dn,^rurdu--=^^*^p^dt. 

The  considered  disolacements  of  the  edges  DA  and  DD'  are  caused  by  the  rotation 
of  the  plane  fluid  element  (edges  of  parallelplped)  and  also  by  its  defomatioh. 


(0 


We  note  that  if  edge  only  deformed,  |d.thout  rotation,  then  the  edges  DA  and  DD 

would  be  rotated  by  identical  angle  toward  each  other  or  in  opposite  directions. 

Conversely,  if  the  edge  completed  only  a  rotary  motion  (as  an  absolutely  solid  body), 

then  the  edges  DA  and  DD'  would  be  rotated  by  an  identical  angle  in  one  direction. 

The  motion  of  the  element  In  the  general  case  can  be  considered  as  the  sum  of 

determined 

deformational  and  rotational  motions  and  thus  there  can  be/ihe  angle's  d<^  and  d«2« 

Dy  assuming  that  as  a  result  of  rotation  (counter  clockwise)  the  edges  DA  and  DD' 
were  rotated  by  an  angle  d7  ,  a  as  a  result  of  deformation  -  complementarily  , 
by  angle  d/Jw  find* 


From  these  two  equations  we  obtain: 

The  angular  velocity  of  rotation  of  the  edge  will  be  equal  to: 

dt  2  \dt  at  y 

After  substituting  values  of  the  derivatives  and  ,  wo  find  the  angular 
velocity  of  rotation  of  edge  in  such  a  form: 


du\ 


where is  the  vector  component  of  angular  velocity  of  rotation,  parallel  to  the  z- 
axla  (subscript  z  indicates  direction  of  axis,  relative  to  vdilch  the  rotation  takes 
place).  We  note  that  is  angular  velocity  of  rotation  of  bisector  of  angle  at 
point  D.  Analogous  considerations  result  in  the  conclusion  that  the  angular  velocity 
of  rotation  of  the  two  other  edges,  located  in  planes  xoz  and  yoz,  are  expressed  in 
terms  of  respective  values  of  the  partial  derivatives  where  the  ro¬ 

tation  of  each  edge  of  the  parallelepiped  is  detenained  by  two  angular  velocities. 


Thus,  equations  for  all  three  vector  cwnponents  of  angular  velocity  of  rotation 


will  have  the  form: 


0  S= 

* 


I  _ dWj 

i'di  dx/ 


^  I  ,  dt»  dll . 

dy/ 


(1-6) 


Equations  (l-'6)  express  vector  occaponents  of  angular  velocity  of  rotation  of  a 
fluid  particle  u  ,  magnitude  of  which  is  determined  as  the  geometric  sum  of  "V 
and 


as=:[/ «•*  • 


(1-7) 


Formulas  (1-6)  determine  in  differential  form  the  relationship  betvieon 
coiqponentB  of  angular  velocity  of  rotation  and  of  speed  of  translational  motion* 

Rotation  of  particle  around  the  axes,  passing  through  the  particle  Is  called 
vortex  motion.  Experience  shows  that  in  all  cases  of  motion  of  a  real  (viscous) 
fluid  the  entire  field  of  flow  or  a  portion  of  It  is  vortical.  In  those  regions  of 
the  flow,  where  the  vortex  motion  of  the  particles  is  absent,  angular  velocity  of 
the  rotation  Is  equal  to  zero  (<*>*»  0).  In  these  regions,  particles  of  the  fluid 
may  move  along  trajectories  of  any  form,  by  being  deformed  in  this  connection  but 
by  not  being  rotated  relative  to  their  axes. 

If  in  a  particular  case,  atw  -  0  trajectories  of  the  particles  are  closed 
curves,  then  such  a  motion  will  be  a  particular  case  of  circulatory  motion.  It 
should  be  emphasized  that  in  such  a  motion  the  particles  realize  a  rotation  around 
a  certain  axis,  located  outside  the  trajectory,  but  are  not  rotated  with  respect 
to  their  own  axes. 

Concepts  of  vortex  and  circulatory  motions  of  a  fluid  play  a  major  role  in 
hydromeohanlcs .  In  this  connection,  we  shall  dwell  on  one  very  Important  oharacter- 
latio  of  the  flow— the  circulation  of  sneed.  Let  us  consider  still  another  example 
of  circulatory  flow.  In  the  flow  around  an  asymmetric  wing  profile  (Fig,  1-5)  by  a 
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two-dimensional  parallel  flow,  the  lines 
of  flow  in  the  region  of  flow  along  wing 
are  distorted,  since  the  wing  disturbs  the 
flow.  The  character  of  disturbance,  intro¬ 
duced  by  wing  in  the  flow,  can  be  explained 
by  determining  speed  at  different  points  of 
of  field  along  the  wing.  In  comparing  local 
values  of  the  speeds  with  speed  of  incident 

Fig.  1-5.  Scheme  of  flow 

■round  wing  profile.  flow,  it  is  readily  established  that  the 

KEY:  (a)  Circulatory  flow 

along  wing.  flow  along  the  wing  can  be  presented  as  the 

sum  of  translational  undist^irbed  flow  and  flow  along  the  closed  trajectories.  In¬ 
tensity  of  flow  along  the  wing  can  be  characterized  by  the  magnitude  of  circulation  of 
speed)  which  is  determined  by  the  equation 

> 

idiere  Is  the  projection  of  vector  of  speed  onto  direction  of  element  of  contour  1. 

In  a  general  case  an  arbitrarily'  selected  contour  1  may  not  to  coincide  with 
line  of  flow  of  circulatory  flow. 

Formula  (1-6)  can  be  written  in  such  a  form: 

r=^ccos(0)<//.  (1-9) 

Thus,  circulatory  motion  can  be  called  that  motion,  at  which  the  circulation 
of  speed  is  different  from  zero.  If  F 0,  then  the  motion  is  called  nonclroulatory.* 
In  calculating  the  circulation  of  speed  by  formula  (1-9)  it  is  necessary  to 
agree  on  direction  of  the  Integration  aroxmd  the  contour.  A  positive  direction 

■^In  turning  to  formula  (1-9 )>  we  see  that  expression  for  circulation  of  integral 
is  reminiscent  of  the  well-known  equation  of  work  of  force  vector.  This  external 
analogy  makes  it  possible  to  understand  the  mechanical  sense  of  circulation  (product 
of  speed  by  the  length  of  trajectory)  and  gives  the  basis  of  arbitrarily  calling  the 
siagnltude  P  the  work  of  vector  of  the  speed. 


of  the  circulation,  as  a  rule,  is  assumed  that  direction,  at  which  the  enclosed 
region  of  flow  within  contour  remains  to  the  right  (Fig.  1-5). 

The  concept  of  circulation  is  very  widejy  used  in  investigating  vortex  motions 
of  a  gas.  In  the  theory  of  vortex  motion  there  has  been  proven  a  number  of  fundamental 
theorems  associating  the  circulation  integral  vdth  fundamental  characteristics  of 
a  vortex.  Ws  shall  dwell  first  of  all  on  the  basic  concepts  of  vortex  motion:  vortex 
line,  vortex  tube  and  vortex  string. 

These  concepts  closely  agree  with  the  presented  above  concepts  of  a  line  of 
flow,  a  tube  of  flow  and  an  elementary  flow. 


Fig.  1-6.  Vortex  tube  and  vortex  filament. 

Vortex  line  is  that  line  in  a  flow,  at  each  point  of  which  the  sense  of  the  vector 
of  the  angular  velocity  coincides  with  the  direction  of  tangent  to  this  line.  Ws 
remember  that  the  vector  of  angular  velocity  is  directed  perpendicularly  to  the  plane 
of  rotation.  Consequently,  vortex  line  is  the  instantaneous  axis  of  rotation  of 
particles  of  a  fliiid,  which  are  located  on  this  line, 

A  vortex  tube  is  a  closed  surface,  consisting  of  vortex  lines,  constructed  in  an 
elementary  contour  (Pig.  l-6,a).  The  fl:d.d,  filling  in  the  vortex  tube,  forms  a 
vortex  filament.  If  the  vortex  tube  has  a  eection  of  finite  dimensions,  then  part¬ 
icles,  filling  it  and  being  in  rotation,  will  form  vortex  string. 

Let  us  consider  vortex  filament  (Fig.  1-6, b).  We  shall  draw  a  section  normal 
to  the  axis  of  the  filament.  The  intensity  or  strength  of  the  vortex  filament  is 
charaoterlaed  by  the  doubled  product  of  vector  of  angular^ ve].opity  of  rotation  w  by  the 


croas-aection  area  of  filament  dF: 


In  the  g.«ral  oa«  eonaWered  „oUcn  of  filament  may  ha  drawn  arbitrary  at 

a  cruin  angle  to  ita  ani,  (Fig.  1.6,b),  then  the  Intanaity  dJ  ia  datarminad  by 
the  formula 

wharam  la  th.  projaetion  of  vaotor  of  angular  velocity  onto  diraatlon  of  amla  of 
vortex  filament! 

•^  =  »COSf. 

nma,  tha  atrangth  of  th.  vort«.  filament  ia  datamainad  aa  twice  th.  product 
Of  era.  of  an  arbitrary  .action  of  th.  fllamant  and  th.  projaetion  of  vector  „  onto 
th.  direction  of  normal  with  raapect  to  aalacted  .action. 

In  th.  theory  of  vortex  motion  it  1.  proved  that  th.  circulation  lnUg«i, 

along  a  cloaed  contour  occupying  the  vort«c  flliuMnt  1.  .,«1  to  th.  atrength  of 
vortex  filament,  i,e. 

■rfr=<//=:2<*^rff. 

contour  enveloping  a  vorUx  atrlng  of  finlu  a.ction,  conaiatlng  of  an 

infinite  number  of  vortex  fllamanta,  circulation  InUpel  i.  detenulned  t,  the  Una 
integral 

*  C:; 

Thl.  expreaaion,  obtalnad  by  Stokaa,  makaa  it  pcaaibl.  to  formulate  on.  of  the 
baalc  theorem,  of  th,  vortex  motion.  Th.  circulation  intea,.!  aloe . . 

,  made  in  a  fluid  ^  equal  to  the  aum  the  intenaltlaa  of  the  vortiea,. 

BlBlsans  t!a  aatour,  ^  ^  ^  o^,^  daformation  ,,,  ' 

maot  to  a  pojnt,  ,by  not  gc^ng  put  heTond.llmit.  of  th.  n..,,  ig  g,. 

anvalope.  .oUd  body  (for  exmapla,  profil.  of  blade),  then  it  1.  Impoaaibl.  to  ua. 

the  considered  theorem  in  this  casa  +1,- 

case,  since  the  contour  can  not  contract  to  a  point 

not  going  beyond  the  limits  of  the  fluid. 


Howevar  if  the  oloeed  contour  is  drawn  as  in  shown  in  Pig.  1~7  (contour  ABCDA)j 


then  according  to  Stoke 's  equation  we  obtain: 

Since  ««•  >4s=2$u..  dF  4.  I* 

I 


Fig.  1-7.  Diagram  for 
determining  circulation 
integral  along  closed 
contour^  enveloping  the 
profile . 


Stoke 's  formula  leads  to  the  conclusion  that  the  core  of  a  linear  vortex  of 


constant  section  is  rotated^  as  a  solid  body,  with  a  constant  angular  velocity. 


Actually,  on  the  basis  of  the  indicated  theorem  for  a  linear  Infinitely  long  vortex 
it  is  possible  to  write  out  that  the  circulation  along  the  contour,  enveloping  the 


vortex, 


r = 2i»F  =  const. 


At  F  const  at  an  arbitrary  point  of  vortex  core  const.  The  linear 
linear  speed  in  core  will  be:  c^—ur. 


where  r  is  the  radius  of  considered  point. 

Consequently,  distribution  of  speeds  in  field  of  the  vortex  will  be  linear.  On 
external  surface  of  core  speed  has  a  maximum  value: 

Max  “ 

(r^  is  the  radius  of  vortex). 

In  hydromechanics  also  the  theorem  of  the  Invariability  of  circulation  in  time 
in  art  ideal  inviscid  fluid  (theorem  of  Thompson)  is  proven. 

According  to  Thompson's  theorem  foj.  ideal  fluid  outside  a  vortex  the  circulation 
maintains  a  constant  value  along  any  contour,  enveloping  the  vortex.  The 
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circulatory  flow  around  an  infinitely  long  line  vortex  (outside  vortex)  has  a 

hyperbolic  field  of  speeds  (Fig.  1-8),  since 

r = 2*:u»r*  =  ^  r 


and 

f  uyt  r 

*“  r  ~2w' 

It  la  readily  seen  that  in  accordance  with  Thoiopaon'a  theorem  in  an  ideal 
fluid  a  rotary  vortex  motion  of  the  particles  cannot  appear  or  disappear.  This 
also  is  physically  intelligible. 


/  Fig,  1-8.  Field  of  speeds  in 
I  vortex  core  and  in  external  flow. 

/  KEY:  (a)  C^  Vortex  core, 

since  in  such  liquid  there  is  absent  mechanism  of  transfer  of  rotation  and  stag¬ 
nation.  I 

8y  observing  the  flow  of  real  viscous  fluid,  it  is  possible  to  point  out  a 
large  number  of  examples  of  the  generation  and  attenuation  of  vortices.  In  this 
connection  condition  of  constancy  of  circulation,  which  is  most  important  property 
of  motion  of  an  ideal  fluid,  is  not  maintained. 

Differences  in  properties  of  ideal  and  real  fluids  can  be  traced  with  an  analy¬ 
sis  of  the  spectrum  of  asymmetric  flow  around  the  body.  If  trailing  edge  of  body 
is  made  ehsirp  (body  of  wing  profile),  then  a  continuous  flow  around  such  an  edge 
by  an  ideal  fluid  must  result  in  a  tangential  discontinuity  beyond  the  profile 
(Fig.  1-9).  In  a  real  viscous  fluid  the  presence  of  such  a  discontinuity  results 
in  the  flow  during  descent  from  the  trailing  edge  being  whirled  (Fig.  l-9»b). 

Thus,  the  .ganeels  of  vortices,  and  consequently,  also  the  circulation  around 
a  profile  is  explained  by  the  Influence  of  viscosity. 


in 


Fig.  1-9.  Vortex  formation  during  descant  of  flow 
from  wing  profile. 


At  the  Initial  moment  of  time  flow  along  the  wing  is  without  circulation.  At  the 
point  descent  by  virtue  of  the  property  of  viscosity  there  is  generated  an  initial 
vortex  (Pig.  1-9, b),  which  creates  a  circulation.  Experience  shows  that  with  a 
not  very  large  asymmetry  this  vortex  generates  along  the  trailing  edge.  The  corre¬ 
sponding  condition  in  the  flow  of  an  ideal  fluid,  according  to  which  the  point  of 
descent  should  be  on  the  trailing  edge,  is  called  the  Zhukovskly-Chaplygin  postulate: 

is  J!  continuous  asynnT>etrlc  flow  round  a  profile  ^  an  ideal  fluid  around  it  there 

/ 

will  form  that  circulation  r  ,  *diloh  assumes  a  descent  of  flow  from  the  trailing  edge. 

This  condition,  formulated  by  N.  Ye.  Zhukovskiy  and  8.  A.  ChaipQygln,  laakes  It 
possible  to  calculate  the  circulation  T  and  at  the  same  time  the  wing  lift. 

^••3.  Equation  of  Continuity 


Ws  shall  isolate  in  a  moving  gas  an  elementary  volume  In  the  form  of  a  parallel¬ 
epiped  (Fig.  I-IO)  and  shall  write  out  the  condition  of  Invariablillty  of  mass  in 
time  for  this  element.  This  condition  will  b^  expressed  in  the  conser¬ 

vation  of  mass;  It  can  be  presented  in  the  form: 


-it  — 


(1-10) 


where  AV  is  the  volume  of  element ; 

P  Is  the  average  density  of  the  element. 

Vto  differentiate,  by  bearing  in  mind  that  p  and AK are  variable  values. 

Wb  shall  divide  this  equation  by  Vh  obtain  the  equation  of  continuity  in 


1 


the  tom: 


r  AV  t'/  — 


(l-lOa) 


riw  ^  (t 


Pig.  1«10.  Diagram  for  deriving  Euler 
aquation. 

Hot'e  the  derivative  dty  expresses  the  rate  of  change  of  volume  orj  consequently, 

'Hf 

rate  of  volumistrlo  deformation  of  fluid  particle.  The  term  ^  is  the  rate 

of  the  relative  volumetric  deformation. 

In  the  particular  case  of  an  incompressible  fluid,  when  P  «  const  the  latter 
equation  acquires  a  very  simple  form: 


idiich  expresses  the  condition  of  constancy  of  volume  of  element;  The  rate  of  volume¬ 
tric  deformation  of  an  element  is  equal  to  zero.  It  follows  from  this  that  a  part¬ 
icle  of  an  incompressible  fluid  is  deformed  in  process  of  motion  so  that  its  volume 
is  kept  constant* 

Its  shall  determine  the  magnitude  of  rate  of  relative  volumetric  deformation  of 


particle, 
and  w. 


expressing  it  in  tenos  of  its  corresponding  projections  of  speed  u,  v 


Mb  then  calculate  the  linear  deformation  of  particle  in  direction  of  the  x-axis 
(Fig.  1-10).  This  deformation  will  occur  in  connection  with  the  fact  that  rates  of 
the  edges  ASCD  and  A'B'C'D*  are  not  identical.  If  the  rate  of  left  edge  is  equal 


Hu  * 

to  u,  then  the  rate  of  the  right  will  be 

We  assume  that  within  the  limits  of  each  of  the  considered  edges  of  paralleled 
piped}  the  speeds  are  constant.  During  element'  of  time  dt  the  left  edge  ABCD 
will  be  displaced  by  a  distance  udt  to  the  right.  During  the  same  time  Interval  the 
edge  A'B'C'D'  will  be  displaced  in  the  same  direction  by  a  distance  dt. 

Consequently,  volume  of  element  will  change,  since  the  speeds  of  these  two  edges 
are  different.  After  calculating  absolute  change  of  volume  of  particle  n.'^ong  the 
direction  of  x-axis,  we  obtain: 

(“  "J"  K  rf/  =  ^  dx  dy  dz  dt. 

In  reasoning  analogously,  for  other  tw>  pairs  of  edges  there  can  be  v  talned 
the  Increments  Involume  of  particle  along  the  y-and  z-axes  in  the  following  form: 

^dxdydzdi: 

^  dxdydzdt. 

The  total  change  In  volume  of  particle  is  determined  as  the  sum  of  these 
increments, 

Consiquently,  rate  of  relative  volumetric  deformation  is  determined  very 


readily: 


I  dty _ da  I  dgj 

Sr*  dt  dx~*Sip^7it' 


(1-11) 


since  volume  of  element  —dxdydz. 

After  substituting  (l-U)  into  the  equation  of  continuity  (1-lOa),  we  obtain: 

(1-lOb) 


f3(R+y;+S)='>- 


Vto  note  here  that  entering  into  the  equation  (1-11)  the  direct  partial  deriva¬ 
tives  have  a  specific  mechanioal  meaning.  From  preceding  oonsldera- 

tione  it  is  obvious  that  these  derivatives  determine  magnitude  of  rate  of  relative 
linear  deformations  of  edges  of  the  parallelepiped.  Let  us  consider,  for  example, 
linear  deformation  of  the  edge  DCC'D*  In  direction  of  x-axis.  Since  rate  of  edge 
CD  la  equal  to  u,  and  edge  CD*  to  then  the  elongation  of  edge  along  x 


win  bes 


(“  +  ^  <//-«<//= I?  dxdi. 

dlt  , 

Tho  relative  elongation  amounts  to  ^  ,  and  the  rate  ot  relative  elongation 

da 
djf  * 


W»  now  transform  equation  (l>10b).  Since  p  »p(x,y,z,t)  then  the  total  de-> 

rivatlve  of  density  is  equal, to;  ^4.1p 

at  dj(  dl  *dy  iH~Sg  Jt  • 


By  bearing  in  mind  that 


dx  ,  dy 


dt 

di' 


‘W, 


we  obtain: 


35=«gj+»|j+“»^+^- 

After  substituting  ^  into  equation  (1-lOb)  and  transforming!  m  shaU  have: 

dp  I  d(p«)  i_d()»t>)  ,  -  (1-12) 

If  the  motion  is  steady!  then  ^=0. 

For  an  Incompressible  fluid  ( P**  const)  there  is  readily  obtained  from  aquation 
(1-12):  du  ^dOiOta _ « 


Equation  (1-12)  is  equation  of  continuity  of  a  gas  flow  in  differential  form. 

This  equation  was  for  the  first  time  obtained  by  Euler  in  1659.  We  see  that  it 

aeeooiates  changes  of  the  density  with  changes  of  components  off  the  speed  u,  v  and 

w.  By  bearing  in  mind  mechanical  meanin,g  of  the  partial  derivatives  ^  i  ^ 
dm 

e3q>res8lng  rates  of  relative  linear  deformation  of  fluid  particle  in  the 
direction  of  the  x,  y,  and  z  axee^  it  le  poeeible  on  the  basis  of  the  equation  of 
continuity  to  oonclxide  that  the  deformation  of  such  a  particle  is  subject  to  a  de¬ 
finite  law  and  cannot  be  arbitrary.  For  an  Inoompresslble  fluldf  equation  (1-13) 
shows  that  a  particle  of  an  incompressiblo  fluid  in  process  of  motion  is  deformed 
with  the  conservation  of  volume.  For  a  compressible  fluid  a  deformation  of  the 
pai'tlole  takes  place  with  a  change  in  the  volume.  In  this  ease  equation  of  conti' 
nulty  associates  the  changes  in  volume  and  density  of  the  particle. 
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B^tibn  1«  Mrltttn  but  In  *  *  ractlinear  •ystcm  of  ooordiimtos.  In 

many  cases,  especially  In  studying  processes  proceeding  in  turbomaohlns^  it  is 
oonvenient  to  use  the  cylindrical  system  of  coordinates. 


Fig.  1-11.  Position  of  point 
in  rectilinear  and  cylindrical 
coordinate  systems. 

The  position  of  certain  point  A  In  cylindrical  coordinates  is  determined  by 
the  radius  veotor'r,  polar  angle  $,  and  the  s-axis  (Fig.  1-11).  E|y  giving  to 
the  indicated  coordinates  infinitesimally  small  inors'msnts  ‘dO  and  di,  v  shall 
isolate  in  the  mass  of  the  fluid  the  particle  ABODA'B'C'D*  (Fig.  1-12). 

The  motion  of  the  point  in  the  considered  coordinates  is  giveni  if  ocmponents 
of  the  speed  are  known: 

is  the  radial  component} 

la  the  tangential  component  (normal  to  radius  vector)? 
is  the  axial  oosqDonent  of  the  speed. 

Ws  shall  compose  the  equation  of  continuity  in  cylindrical  coordinates.  Ws 
shall  ealoulate  the  rate  of  relative  volumetric  deformation  of  a  moving  fluid 
particle,  shown  in  Fig.  1-12.  The  change  in  volume  of  this  particle  during  an  ale 
ment  of  time  dt  in  direction  of  radius  vector  can  be  expressed  as: 

l(  +  -gj  (/*  4- dr) d9  ~  c/d^dzdt 

or,  by  discarding  first  terms. 

'  e 

4“^)  fdrdtdKkli. 


* 


^Ig.  1-12.  DUgran  for  deriving 
Suler  equations  In  the  cylindrical 
system  of  coordinates. 

The  change  of  volume  in  a  directioni  normal  to  radius  veotori  will  be: 

Along  the  s-axls  the  volume  varies  by  the  magnitude 

-  w^rdtidrtli rUulnl^uH, 

Total  change  in  volume  for  the  considered  time  interval  amounts  to: 

Then  the  rate  of  the  relative  volumetric  deformation  will  be: 

I  rfAV  «r  I  ,  I  ,  die 
aT  "dT  T+dF  +7  cJI  • 

After  substituting  this  expression  into  the  equation  of  continuity  (1-lOa)  and 


expressing  the  total  derivative  of  the  density  in  oyllndrloel  coordinates,  after 
transformations  finally  ws  obtain: 


di  •  /  dr  “r  r  "d4"'“®' 


(1-U) 


1-4.  Equation  of  Momentum 


Below  there  will  be  considered  the  motion  of  gas  without  an  Internal  heat  ex¬ 
change  in  the  absence  of  thermal  conductivity  and  friction. 

myiel 

Such  a  motion,  uf  course,  is  an  idealised/of  a  real  notion.  In  which  there  are 


manifested  frictional  forces,  there  appear  temperature  gradients  and  there  is 


reaUafed  an  interr.c.!.  haab  axchange  betvmen  naighborlng  partiolea. 

Tho  adopted  simplified  diagram  of  flow  of  a  compressible  flviid,  however,  plays 
a  very  important  role  in  gas  dynamioa,  since  It  serves  as  a  well-known  standard  Ih 
the  analysis  of  real  processes  of  flow,  Kany  practically  important  real  eases  of 
flow  of  gas  are  very  close  in  their  own  properties  to  the  considered  idealized  flow, 
the  laws  or  regularities  of  which  in  these  cases  can  be  used  for  the  calculations. 
With  the  Indicated  simplifications  the  obtainable  relationship  are  widely  used  for 
an  analysis  of  physical  properties  of  flow,  without  ah  energy  exchange  with  the 
environment. 

We  shall  establish  the  basic  principles  to  which  such  a  aohematized  model  of 
flow  is  subject. 

Ws  shall  Isolate  in  a  fluid  flow  an  elementary  parallelepiped.  Within  the 
closed  surface  of  the  parallelepiped  mass  of  fluid  is  oonfined.  Ws  shall  apply  to 
the  considered  element  theorem  of  momentum. 

The  change  in  momentum  of  a  mass  of  gas,  concentrated  within  the  surface, 
occurs  in  a  gsneral  case  owing  to  ths  fact  that  each  particle,  by  being  displaced, 
occupies  with  the  passage  of  time  a  new  position  and  acquires  a  new  speed,  and  also 
because  at  each  point  in  space  speed  changes  in  time.  In  a  steady  motion  ths  momsiv 
turn  varies  only  in  connection  with  change  in  position  of  the  particles. 

In  accordance  with  the  well-known  theorem  of  mechanics  a  change  in  momentum  of 
the  mass,  enclosed  In. an  Isolated  element.  Is  equal  to  the  momentum  of  external 
forces*  Ws  shall  formulate  the  equation  of  momentum  In  projeotlons  onto  coordinate 
axis  (Fig.  1-10). 

On  the  edge  ABCD  In  direotlon  of  x-axls  there  aots  the  force  of  presstire  pdyd  z, 
the  momentum  of  which  will  be:  pdydzdt. 

The  momentum  of  forces  of  pressure,  acting  on  the  edge  A’B'C'D',  is  equal  tot 

3^ 


Wb  note  that,  in  addition  to  the  forces  of  pressure,  on  the  element  there  taay 


act  the  body  forces  (gravitational,  magnetic  and  electrostatics).  Of  these  most 
frequently  it  is  necessary  to  consider  gravitational  force,  that  is  gravity.  For 
gases  :due  to  their  relatively  low  density  the  gravity  in  comparison  with  the  forces 
of  pressure  is  found  to  be  small-  usually  can  be  ignored. 

However,  in  certain  problems  the  influence  of  body  forces  should  be  evaluated. 
Vto  didsignate  by  X,  I  and  Z  the  projections  of  unit  of  a  body  force  (relating  to  a 
mass  of  fluid)  on  the  coordinate  axes  x,  y  and  s.  Then  the  projections  of  total 

body  force  on  coordinate  axes  will  be: 

Xfdxtlydi,  Yfdxdydz'  and  Zfdxdydi. 

Ms  shall  introduce  the  momentum  of  body  forces  in  pro  jection  onto  the  x-axis,  equal 
to  ZPdxdydsdt.  Then  the  total  momentum  is  equal  to  the  change  in  momentum: 

XfdxdgdgdI  dxihjtUdl  fdxJtjdzdiii 

where  pdxdydx  is  the  mass  of  element* 

Consequently, 

(1-15.) 

4tt  f  dJT 


Analogous  equations  are 

Gy  bearing  in  mind  that 


obtained  in  the  projection  onto  the  y*>  and  x-'^axes: 


do  V-  I 

dm  7  I  dp 


(l-15b) 

(l-15c) 


increments  of  the  speed  are  equal  to: 


for  projections  of  the  acceleration  onto  coordinate  axes  we  shall  obtain  from 


(1-15)  > 


tht _ t  V  ' 

5i-5/+«5i  +  %  +  “'5i'“^--7  5i 


du 


I  dp. 


dv  do 


"V _ vu  t  do  .  ov  ,  ou  X,  I  ap 


do 


do 


I  dp. 


da  da  ,  da  ,  da  ,  da 


''dM 


2-~ 

p  di 


(1-16) 


The  derivetivea  and  ^  express  projections  of  the  total  acceleration  of 

a  moving  particle.  Equations  (1-16)  show  that  the  acceleration  of  a  fluid  element 
Is  caused  by  corresponding  changes  of  .pressure  forces «  acting  on  this  element | 
and  by  the  bodj'  forces.  Equations  (1-16)  also  were  obtained  by  Euler. 

Vito  shall  formulate  now  equations  of  momentum  in  cylindrical  coordinates .  For 
this  purpose  we  shall  find  components  of  the  acceleration  in  a  new  system  of  coordin¬ 
ates.  The  total  acceleration  along  radius  vector  is  expressed  as  sum  of  relative 
do  e* 

acceleration  i*  and  centripetal  acceleration _ !.  Consequently,  the  radial 

"Hr  f 


acceleration  is  equal  to: 


di  ■ 


The  total  acceleration  in  a  direction,  normal  to  the  radius  vector,  is  composed 


dt 


l.e.^ 


(1-17) 


of  the  tangential  acceleration  and  the  Coriolis  acceleration  2  ^ 

^dii^^dt  — r~’ 

Then  the  equation  of  momentum  (1-15)  can  be  written  as: 

‘‘L-P- > 

di  T  ^  J  'dr  ' 

3/ +7  =®"  7  ror 
da  -  I  dp 
di  f  dr’ 

Where  R,  d  and  Z  are  projections  of  the  unit  of  body  foi ce  onto  the  coordinate  axes 
r,  f  and  s. 

.  dc  dcA  dw 

After  substituting  (1-17)  values  of  the  total  derivatives  — £,  —  and  in 

dt  dt  dt 

terms  of  partial  derivatives  finally  we  find: 

5r+‘^r5r+7  W  “7  “^“7  •  1  (l“17a) 

di  ^^r3FA  r  d(t  dr  >  r  f  rdi 

I  dp 
p  di  ' 


3r  ^  <)r  d9  '  ®  (fi 


^•5*  Eaiiatlons  of  Motion  in  a  Hydromechanicaf  Form. 
I.  3.  Gromakovs  Eouationa . 


Equations  of  motion  in  form  of  Euler  are  general  equations  of  meohanios . 
Peculiarities  of  the  motion  of  a  fluid  medium  may  be  reflected  by  introducing 
specific  elements  of  the  motlon«  this  Is^  components  of  vortex,  kinetic  and  potential 
ener^>  into  equations  of  Euler. 


Components  of  angular  velocity  of  rotation  and  can  be  directly  intro* 

duoed  into  the  equations  of  motion  (1*16)  and  (l*17a).  If  to  left-hand  side  of  the 
first  of  equations  (1-16)  we  add,  and  than  subtract  and  ,  then  after 

simple  transformation  we  obtain: 

”■*  r  • 

By  bearing  in  mind  that  .  as  .  d  /  «*\ 

and  in  considering  formula  (1-6),  we  present  the  first  of  the  equations  of  motion 
(1-16)  in  the  form:  as.  d/r*\  \  y  •  » 

«r+aF(T-)~-2(w,~a»u»^)=Af~y  gf-.  (i.lBft) 

Analogously  it  is  possible  to  transform  also  the  two  other  equations  of  motion. 


As  a  result  we  obtain: 


^ +4r  (t)  -  2(«^,  -  «»,) = JJ- 


_ L  . 


^+^(4)  - 2 («»^ - =  2  -  -i-  ^ . 


(l-18b) 

(1-I8c) 


Analogously  it  is  possible  to  transform  equation  (l-17a)  in  cylindrical  system 
of  coordinates.  Components  of  angular  velocity  of  rotation  in  this  system  of 
coordinates  are  expressed  by  the  equations: 


I  /dm 


I  /Sc,  awV 

arj’ 


I  /^(y) 


"  sT/ 


(1-19) 
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Hy  tialng  the  known  foraulas  for  the  conversion  of  rectilinear  to  cyllndrloal 
coordinates y  there  are  readily  expressed  components  of  angular  velocities  and 


through  "r  and  The  angular  velocity  of  rotation  w  may  be  expressed  in 
terms  of  the  components  <*,,  «>•  end  on  the  basis  of  equation  (1-19)  since 

«» •=  «*  4-  «*  +  +  «*  +  <**1  • 

The  sense  of  magnitudes  *'r<  and  la  explained  in  Fig.  1-13.  The  component 
u,  determines  that  rotation  of  the  particles,  whose  axis  is  the  radius  vector 
(radial  vortex);  component  u,  characterizes  the  rotation  of  particles  with  respect 
to  an  axis,  having  the  shape  cf  a  circle  (annular  vortex);  w,  is  the  angular  velocity 
of  rotation  about  the  z-axls. 

Wa  shall  introduce  on  left  side  of  the  first  equation  (l-17a)  the  terms: 


±c,^"  i  then 


(1-20) 


analogously  the  second  and  third  equations  (l~17a)  are  transformed. 

The  advantages  of  equations  of  mcmientum  (1-16.)— (1-20)  are  evident.  In  dis¬ 
tinction  from  equations  of  ihiler  they  contain  in  explicit  form  magnitudes,  character¬ 
izing  peculiarities  of  the  motion  of  a  Huld  -  a  readily  deformable  medium.  These 
equations  include  components  of  angular  velocity  of  rotation  of  the  particles,  l.e.^ 
terms,  characterizing  vortex  motion  of  the  fluid,  the  kinetic  energy  and  potential 
energy  of  the  pressure,  and  also  potential  energy  of  the  bodji  forces. 

The  introduction  of  these  magnitudes  considerably  simplifies  analysis  of  many 
complex  forms  of  motion  of  fluid  and,  in  particular,  facilitates  the  investigation 


of  certain  properties  of  flow  in  the  flow 
part  of  turbomachines. 

In  certain  particular  cases  equations 
(1-18)  or  (1-20)  are  readily  integrated. 


Pig.  1-13.  Diagram  for  determining  com-  Forthl*  purpose  to  the  equations  of  motions 

Sonants  of  vortex  in  the  cylindrical  . .  ^  ^ , 

ystem  of  coordinates.  there  can  be  added  an  even  simpler 


And  mor®  graphic  form,  introducing  a  certain  function  of  the  pressure 


=  (1-21) 

In  addition.  Influence  of  body  forces  is  evaluated  by  means  of  introducing  the 
potential  function  U,  >diose  partial  derivatives  by  coordinates  express  projections 
of  the  acceleration  of  body  forces  onto  the  coordinate  axes: 


at/.  dV 
djf*  ^ - 57* 


(1-22) 


Then  equations  (1-18)  acquire  the  form: 

y +'|r  ( T + 

Equations  (1-23)  were  obtained  by  Kaaan  University  Professor  I.  S.  Gromeko 
in  1881. 

For  a  steady  motion  — 

after  multiplying  both  sides  of  equation  (1-23)  respectively  by  dx,  dy  and  dz  and 
also  simnatlon  we  readily  obtain, 


dx  dy  dz 

U  V  w 


(1-24) 


The  determinant  (1-24)  is  equal  to  zero  in  the  following  particular  cases: 

a)  in  the  absence  of  vortices  in  a  flxxld,  i«e.,  idien 

b)  under  the  condition 

•9  m* 

e)  under  the  condition 

The  conditions  "b"  and  "o"  are  differential  equations  of  the  lines  of  flow, 
and  vortex  lines,  respectively  [see  equation  (1-5) ]j  consequently,  according 


to  oondltlons  "b"  «nd  "e"  th«  deterndnant  (1<*24)  is  oqual  to  zero  for  the  lines  of 


flow  and  the  vortex  lines; 
d)  at 


(1-25) 


In  all  enumerated  oases  from  (1-^4)  we  obtain: 

<il4+v+p)=o. 


or  after  integration 


const. 


(1^6) 


Integral  (1-26)  is  the  equation  of  energy  for  a  flow,  l^e.,  it  expresses  energy 
balance  of  a  fluid  particle:  the  sum  of  kinetic  and  potential  energy,  l.e.,  total 
energy  of  particle  ;  is  a  constant  magnitude. |  jt  should  be  remembered  that  the 
function  U  expresses  the  potential  energy  of  body  forces,  and P— the  potential  energy 
of  forces  of  pressure.  The  first  term  in  (1-26)  gives  the  magnitude  of  the  kinetic 
energy  of  a  fluid  part..cle.  All  the  Indicated  components  of  the  total  energy  relate 
to  the  mass  of  fluid  flowing  per  second. 

Despite  the  fact  that  the  integi^al  (1-26)  has  an  identical  form  for  all  the 
considered  oases,  its  meaning  and  region  of  application  are  different  depending  upon 
conditions  for  trtdch  the  integral  was  obtained. 

For  the  steady  motion  of  a  fluid  vribhout  vortices  (case  "a")  integral  (1-26)  is 
valid  for  all  points  of  the  flow. 

In  fuKilllng  conditions  "b"  or  "c"  the  total  energy  of  particle  is  kept  constant 
only  along  a  line  of  flow  or  vortex  line  respectively.  In  the  transition  from  one 
line  of  flow  to  another  or  from  ons  vortex  lino  to  a  neighboring  vortex  line  the 
magnitude  of  constant  on  the  right  side  of  (1-26)  may  change. 

The  condition  "d"  of  the  proportionality  of  linear  and  angular  velocities  (1-25) 
results  in  the  integral  (1-26),  i.e.,  the  constancy  of  the  total  energy  of  a  fluid 
particle,  valid  for  all  points  of  the  flow.  Consequently,  in  the  considered 
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particular  case  of  vortex  motion  the  total  energy  is  kept  constant  for  all  vortex 
lines.  A  peculiarity  of  this  type  of  motion  is  the  oircumstanoe  that  each  particle 
revolves  around  the  axls«  along  which  it  moves.  Actually,  condition  (1-25)  design¬ 
ates  that  the  senses  of  the  vectors  of  linear  and  angular  velocities  eoincido,  since 
proportionality  of  these  vectors  indicates  that  these  vectors  are  oriented  at  iden 

tloal  angles  to  the  axes  of  the  coordinates.  In  the  considered  notion  the  lines  of 
flow  and  vortex  lines  coincide.  Ms  note  that  in  all  eases  imder  study  during  an 
adiabatic  flow  at  points,  associated  between  each  other  by  the  integral  (1-26),  the 
entropy  remains  constant. 

Integral  (1-26)  may  be  transformed  for  the  practically  Important  case,  vdien  of 
the  body  forces  only  the  force  of  gravity  acts;  in  this  connection 

(the  i-axis  is  directed  vertically  upward). 

Consequently,  j 

After  substituting  these  magnitudes  equation  (1-26)  acquires  th^  form: 

4+«^+J^  =  const.  ^ 

For  M  inoompresalble  fluid  (  P  ■  const)  we  find: 

4  4**+-^==  const.  (1-28) 

The  last  equation  was  obtained  by  D.  Bernoulli.  Magnitude  z  in  this  equation 
characterizes  potential  energy  of  location  caused  in  the  urdform  field  of  the 
Barth's  gravitation  by  the  motion  of  «  fluid  particle,  and  is  called 
the  leveling  height.  Magnitude  ^  is  the  potential  onergj'  of  pressure  (plesufuetrlc 
height),  and-^  is  the  kinetic  energy;  all  tex-ms  of  equation  (1-26)  pertain  to  the 
weight  per  second  of  the  flowing  fluid. 


CHAPTER  2 


ONE-DIMENSIONAL  MOTION  OF  GAS 

A  sienificant  number  of  technical  probleme  In  gas  dynamics  can  be  solved  by 
assuming  the  motion  as  one-dimensional^  i.e^  a  motion,  In  idiioh  all  parameters  of 
flow  vary  only  in  one  direction*  To  these  conditions  corresponds  a  flow  of  gas  along 
slightly  distorted  streamlines  or  in  tubes  of  flow. 

As  one-dimensional .  it  is  possible  to  consider  flow  of  gas  In  a  tube  with 
slightly  varying  cross-section  ar..d  a  small  curvature  of  axis.  In  a  number  of  eases, 
results  of  investigation  of  one-dlmenslonal  flow  can  be  applied  alao  to  flows  with 
nonunlfora  distribution  of  parameters  by  section. 

2-1,  Fundamental  Equatlona  of  a  One-Dimensional  Flow.  Speed  of  Sound. 

For  obtaining  fundamental  equations  of  a  one-dimensional  motion  let  us  consider 
the  flow  of  gas  in  a  tube  of  flow.  The  direction  of  axis  is  selected  so  that  it 
coincides  with  the  axis  of  tube  (Fig.  2-1).  life  shall  use  first  equation  of  system 
(1-16).  Ely  disregarding  for  a  gas  the  influence  of  body  forces,  we  assume 

Ry  bearing  in  mind  that  for  considered  one-dlmenslonal  flow  u*°c,  v*wnO 
and  by  converting  in  equation  (1-16)  to  a  total  derivative,  we  shall  obtain: 

dc  I  I  ftp  _ 

(2-3-) 


or 


The  equation  for  change  In  momentum  (equation  of  momentum)  (2>1}  Is  valid 
only  for  those  flows,  in  which  there  are  absent  frictional  forces,  i.e.,  for  reversi¬ 
ble  flows.  It  is  readily  shown  that  in  this  case  if  the  system  Is  adiabatic,  the 
change  in  parameters  of  state  of  a  perfect  gas  is  subject  to  the  isentrople  law: 

^s=const.  (2-2) 

It  should  be  noted  that  by  formulating  the  arrangement  of  the  process  of  flow, 
by  considering  that  the  flow  is  continuous,  isolated  energywlse  and  frictionless 
we  thereby  determine  lt^<  Isentroplclty,  because  in  such  a  flow  irreversible  trans¬ 
formations  of  the  mechanical  energy  into  heat  are  lacking  and,  consequently,  the 
entropy  of  flow  does  not  change »  Therefore,  we  can  directly  integrate  equation 
(2-1),  by  assuming  evident  the  oonneetion  (2-2)* 

Actually  after  Integrating  equation  (2-1)  and  bearing  In  mind  (2-2),  we  obtain: 

Jrdc-f  1‘^ss^  +  const*  J  p‘~Vp  = 

_ «•  t  k  p 

This  equation,  known  as  Bernoulli's  equation  for  a  compressible  fluid,  expresses 
the  principle  of  conservation  of  energy  for  an  adiabatic  flow.  After  a  simple 
substitution  5^ 


(2-3) 


It  will  ba  transformed  to  the  form: 

1 4- const.  (2-A) 

Here  the  enthalpy  of  the  gas  i  and  heat  capacity  of  gas  at  constant  pressure 

Cp  are  related  to  a  mass  unit  and  are  measured  in  mechanical  units 

To  the  equation  of  energy  (2-4)  there  can  be  given  a  simple  gas  kinetic  inter¬ 
pretation.  The  term  in  this  equation  expresses  the  energy  of  directed  motion  of 
particles  and  the  enthalpy  1^  proportional  to  the  temperature,  determines  the  energy 


*In  engineering  thermodynamics  the  internal  energy,  enthalpy  wd  heat  ca^olty 
usually  are  expressed  in  thermal  units.  Here  i(kilooalorie/kG)  “  -  i(iir/8ec2), 
et  cetera,  where  A  is  the  heat  equivalent  of  mechanical  work.  S 
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of  motion  of  moleoulea.  Consequently,  equation  expresses  fact  of  mutual  trans¬ 

formation  of  energy  of  the  directed  motion  of  particles  and  thermal  energy. 

Thus,  VO  have  established  that  with  an  isentropic  flow  of  gas,  the  integral  of 
equation  of  change  in  momentum  coincides  with  equation  of  energy. 

It  shoxild  be  noted  that  equations  (2-3)  and  (2-4)  can  be  directly  obtained  also 
from  Integral  (1-26),  written  out  for  a  compressible  fluid  (gas).  Ey  disregarding 
the  influence  of  body  forces,  l.e.,  considering  U  ■»  0,  form  (1-26)  there  readily  is 
obtained  equation  (2-3),  by  assuming  a  connection  between  p  and  p  on  basis  of 
formula  (2-2  X 

The  equation  ^  continuity  for  a  one-dimensional  steady  flow  can  be  obtained, 
by  considering  motion  of  gas  in  a  tube  of  flow  of  variable  section  (Fig.  2-1).  In 
assuming  that  across  the  section  of  the  stream,  the  parameters  of  flow  do  not  change, 
we  consider  the  part  of  flow,  included  between  sections  1-1  and  2-2.  Ey  deflndltlon 
a  tube  of  flow  is  a  closed  surface,  formed  by  streamlines. 


'"The  equation  of  energy  readily  0'.n  be  obtained  tram  the  first  law  of  thermo¬ 
dynamics,  written  out  for  fluid  a  flow:  / 

where  dQ  is  the  specific  quantity  of  heat,  transmitted  to  a  gas  (or  diverted  from 
gas)  in  an  elementary  process; 

din,  is  the  specific  work,  done  by  the  gas. 

Fof  an  energy-wise  isolated  flow  (dQ  »  dl^  »  0)  after  integration,  we  obtain 
(2-4).  ^ 

^Equation  (2-4)  is  valid  also  for  adiabatic  flows  (in  presence  of  friction), 
accoimsanied  by  an  increase  in  entropy.  In  this  case  energy  balance  of  the  particle 
must  be  supplemented  by  two  terms;  one  which  takes  in  consideration  the  work  of 
resisting  forces,  and  other,  which  expresses  the  increase  of  heat  in  gas  flow.  These 
two  terms  are  identical  in  magnitude,  but  have  opposite  signs  and  therefore  mutually 
cancel  each  other.  This  means  that  in  such  an  isolated  system,  the  work  of  forces 
of  friction  does  not  change  the  total  energy  of  a  particle;  there  varies  only  the 
relationship  between  energy  of  directed  motion  and  thermal  energy.  The  flow  of  gas 
is  Irreversible,  a  portion  of  the  meohanioal  energy  le  irreversibly  transformed 
into  heat. 


The  gas  particles  do  not  penetrate  throitgh  its  lateral  surfacei  since  the  vectors 
of  the  speed  are  tangent  to  this  surface.  For  1  sec  through  section  1-1  inside 
the  considered  part  of  tube  there  flows  in  a  mass  of  gas,  equal  to  P^^l^l* 
out  through  section  2-2|  is  a  mass  of  gas  equal  to  P2*^2^2*  condition  of 

continuity  of  flow  these  quantities  should  be  identical,  i.e.| 

(2-5) 

or  *  «—pcf= const,  (2-5a) 


where  m  la  the  mass  of  gas  per  second. 


Fig.  2-1.  Tuba  of  flow 
(streamtube). 

The  equation  of  continuity  can  be  obtained  in  differential  form.  After 
logarithnlaatlon  and  differentiation  under  sign  of  logarithm  formula  (2-5a)  acquires 
the  form: 

f+f+T=®-  (2-4) 


Vito  note  that  for  stream  of  constant  section,  the  equation  of  continuity  (2-5) 

gives: 


(2-7) 


m 

The  product  po  p  determines  t^  specific  flow  rate  of  a  mass  of  £aa  iji  a 
aiven  section  (flow  rate  of  a  mass  through  unit  of  area  of  section). 

Expression  (2-7)  for  specific  flowrate  can  also  be  obtained  directly  from 
the  differential  equation  of  continuity  (1-12)  for  a  thrse-dlmenelonal  flow  by 
assuming  u  o  and  v  w  0.  llien,  by  assuming  the  motion  steady  and  converting 
to  a  total  derivative,  we  shall  obtain: 


0. 


H*nQ«,  by  Inttgrating,  vw  obtain  (2-7)*  It  is  obvioua  that  by  tha  aenaa  of 
derivation  the  equation  of  oontinuity  (1-12)  in  a  tranaltlon  to  a  one-dlnanalonal 
tloH,  can  give  only  tha  condition  pe  *  const*. 

For  a  one-dix»anaional  flow  of  an  Incompreaaible  fluJ^d  (  P«*  eonat)  aquation  of 
oontinuity  (2-5)  takea  tha  form: 

(2-d) 


or 


const. 


Formula  (2-8)  expreaaaa  condition  of  eonatanoy  of  tha  volumatrio  flow  rata  of 
fluid  par  aaoond,  flowing  through  tha  aaotlona  of  tuba  F  and  F  .  Thia  formula  la 

H  m 

applicable  to  gaa  floWa  only  in  thoaa  oaaaa,  whan  in  oonaldarad  aaetlon  of  tuba 
1-2  tha  change  in  denaity  can  be  diaragarded.  For  gaaes  thia  condition  ia  fulfill¬ 
ed  if  tha  mouantum  la  amall  in  ocmparlaon  with  tha  apaad  of  aound. 

Spaed  of  aoundi  aa  la  knowni  ia  called  tha  apaad  of  propagation  of  amall  par- 
turbationa  in  a  phyaioal  medium*  Tha  apaad  of  aound  la  aapaclally  vary  important 
in  analyalng  prooaaaaa  of  flow  of  a  oompraaaibla  fluid.  Many  propartlea  of  tha  flow, 
including  alao  tha  character  of  variation  of  paramatara  of  flow  along  a  tuba  of 
given  ahapa,  under  different  oondltlona  of  interaction  with  tha  environment  conaid- 
arably  depend  on  the  olroumatanoa,  within  what  lialta  tha  ratloa  of  tha  apaad  to 
tha  apaad  of  aound  liaa* 

Influanoa  of  oompreaalblllty  in  a  gaa  flow  bacomaa  parcaptibla  in  that  caaa, 
whan,  aaa  raault  of  a  change  in  praaaure,  tha  cubic  deformation  of  particle  and 
change  in  apaad  of  the  flowa  are  oomnenaurabla* 

Ml  ahall  uae  tha  aquation  of  continuity  of  a  one-dlmenalonal  flow,  after  having 
written  it  in  the  form: 


IfAl' 

i^era  Is  ths  relative  change  of  volume  of  the  element  1-^2  (Fig.  2-1)  trans¬ 
ferred  to  a  new  position  l'-2'. 

33r  multiplying  this  equality  by  dp,  after  transformations  we  obtain:. 

From  the  equation  of  momentum  (2-1)  It  follows: 

dp=s.  —  fcdc, 

Sy  comparing  the  two  last  expressions,  we  obtain: 

dLV  <r»  dt 

(The  subscript  s  attests  to  the  isentropicity  of  the  process). 


Ws  designate 


diV  e*  de 


(2-9) 


Thus,  we  see  that  If  o  and  a  are  magnitudes  of  one  order,  then  the  relative 

cubic  deformation  of  the  element  will  be  of  same  order,  as  also  the  change  of  speed. 
0 

At  ~  <  1  even  significant  changes  in  the  speed  do  not  result  in  large  changes  in 
the  volume  of  the  particles. 

From  courses  in  physios  it  is  known  that  the  magnitude  a,  determined  by  for- 
*>iula  (2-9X  i*  tihe  speed  of  propagation  of  waves  of  small  disturbance.  A  character¬ 
istic  example  of  such  waves  la  sound  waves. 


For  a  perfect  gas  the  speed  of  sound  is  equal  to: 

4*=s|/a 

For  air  (k  •  1.4)  speed  of  the  propagation  of  sotmd 

a  =  20.I^^f. 


(2-9t) 


(a-9b) 


Consequently,  ths:  speed  of  sound  4a  ft  perfect  gas  depends  only  jjQ  ^  physical 
properties  and  the  absolute  temperature  of  tlje  gaa .  This  conclusion  is  in  full 
agreement  with  gas  kinetloe  concepts  on  the  process  of  propagation  of  small 


disturbanoas  In  a  nadiuni  oonalablng  of  moving  molaculea.  The  apead  of  propa¬ 
gation  of  a  disturbance  ahould  depend  on  the  speed  of  motion  of 
molaculea,  vdiioh  ia  determined  by  the  temperature.  It  ia  wall  known  that  the 
average  aoeed  of  the  motion  of  molaculea  of  a  gas  is  close  to  the  apeed  of  sound. 

In  thia  connection,  it  ia  necessary  to  emphasize  that  ratio  of  squares  of  the 
2 

B'seda  (  ^  )  is  a  measure  of  the  ratio  of  the  average  kinetic  energy  of  directed 
motion  to  the  average  kinetic  energy  of  random  motion  of  the  particlea. 

2-2.  Different  Forma  of  the  Energy  Equation. 


The  Bernoulli  equation  establishea  the  energy  balance  of  an  adiabatic  flow  of 
gas  in  a  tube  of  flow.  Above  we  become  acquainted  with  two  forms  of  this  equation: 
(2-3)  and  (2^4). 


The  constant  on  the  right  side  of  the  equation  of  energy  can  be  expressed 
variously.  Ey  applying  this  equation  to  two  ssotlons  of  a  tube  of  flow,  in  one  of 
which  the  apeed  decreasea  to  zero  and,  consequently,  flow  is  stagnated,  equations 
(2-3)  and  (2  >4)  can  be  written  in  the  following  form: 


f* 

T 


JL. 

I 


•J-  I  3=  i^l 


'  T 
/»• 


(2-10) 

(2-11) 


where  i  c  T  la  the  enthalpy  of  the  stagnated  flow; 
o  pc 

Po  >  Co*  *^0  parameters  of  stagnated  flow  or  oarameters  of  stagnation. 

As  a  result  of  total  stagnation  of  a  flow  all  the  kinetic  energy  of  directed 

motion  changes  into  heat  energy.  Let  us  note  that  with  a  total  stagnation  of  the 

flow  of  a  perfect  gas,  temperature  of  stagnation  To*  the  same  as  the  enthalpy,  can 

have  only  one  fully  definite  value,  while  the  pressure  of  stagnation  and  the 

density  can  assume  any  values  where  the  ratio  fo  remains  constant. 

Po 

Parameters  of  the  stagnation  are  very  important  in  analyzing  both  the  theoret¬ 


ical  and  experimental  problems  of  gas  dynamics. 


Thus,  va  see  that  the  jc  Ight-hand  aide  of  the  equation  of  energy,  expressing 
total  energy  of  a  particle,  ^an  be  presented  in  terms  of  parameters  of  stagnation. 


Suppose  ve  consider  othe;'  possible  forms  of  the  equation  of  energy. 

Ms  remember  that  . 

Then,  equation  (2-11)  acquires  the  form: 

const,  (2-12) 

«diere  a^  is  speed  of  propagation  of  sound  in  a  completaly  stagnated  medium. 

If  ee  apply  the  equation  of  energy  to  two  sections  of  a  tube  of  flow,  in  one 
of  which  the  pressure  p  decreases  to  sero,  then  the  speed  of  flow  o  will  tend  to  a 
certain  maximum  magnitude  #  which  we  call  ^Ije  maximum  speed.  In  accordance 
with  considered  conditions  this  speed  corresponds  to  outflow  of  gas  in  a  vacuum  (i  *• 
*0}  p  ^  0}  T  »  0).  Consequently,  right-hand  side  of  equation  (2-12)  can  be  expressed 
in  terms  of  the  maximum  speed: 

T+ .  (2.13 ) 

Mlth  a  maximum  speed  of  the  flow,  equal  to  c...  all  the  thermal  energy  of 
molecules  will  bs  oonvsrted  into  ensrgy  of  ths  dirscted  motion.  A  maximum  apssd  of 
flow  it  virtually  unattainabls  and  is  known  as  ths  thsorstloal  limit  for  ths  spssd 
of  a  gas, 

0ns  should  bear  in  mind  that  with  the  approach  of  soeed  of  flow  to  the  max¬ 
imum,  the  rarefaction  of  gas  beoomss  vsry  great, and  thsrsf ors  to  ths  considered 
flow  it  is  impossible  to  apply  an  equation  of  state  of  perfect  gasee  and  equation 
of  energy  in  the  form  known  to  us  (2-10)  or  (2-11). 

Frem  formula  (2-12)  there  can  be  obtained  still  one  expression  for  the  constant 
on  the  right-hand  side  of  the  equation  of  energy* 

According  to  (2-12)  along  axle  of  a  tube  of  flow  with  an  increase  in  the  speed 
0,  the  speed  of  sound  a  falls.  Completely  obvious  are  the  limits  of  the  possible 
varlstlons  of  e  and  a:  speed  of  flow  osn  change  frem  ssro  to  Onsnx,  spssd 


of  cound—fron  to  soro.  In  one  of  the  eectlons  of  the  tube  of  flow,  the  speed 
of  the  gas  notion  o  nay  become  equal  to  the  local  speed  of  sounds  i«e.f 

Here  equation  (2-12)  iirlil  be  written  ass 

ilx  fL  *+J 

2  I  "if  _  „  f  2  • 

Consequently*  t,he  constant  on  the  right-hand  side  of  equation  of  energy  can 
be  expressed  by  the  speed  a  and  the  equation  of  energy  then  acquires  the  fora: 

<’_L  <»*  *-!<»’  (2-14) 

-'’^*-1  ”*-T  f- 

A  speed  of  floW|  equal  to  local  speed  of  sound  a  is  called  ^  critical  speed. 
From  the  equation  of  energyj  written  in  different  forms,  it  follows  that  between 
characteristic  speeds  and  parameters  of  stagnation  there  exists  a  definite 
connection. 

By  equating  the  right-hand  sides  of  equations  (2-10)— (2-14),  ws  can  obtain 


such  a  relationship: 


/  =-  .i—  T  — '  W  *  T  1 


(2-15) 


Hence,  we  obtain  an  expression  for  the  characteristic  speeds  of  flow  through 


parameters  of  stagnation* 

Thus,  the  maximum  speed  will  equal: 


/-T.  - 1  Si/.  “ 


(a-16) 


Critical  speed 


(2-17) 


Besides, 


(2-l6a) 


(2-17a) 


Froa  foraulas  (2-16)  and  (2-17)  it  followa: 


(2-lB) 

ThuB«  MO  800  that  the  maxiavon  and  critical  speeds  depend  on  physical  properties 
of  gas  (coefficient  of  constant  entropy  k)  and  the  temperature  of  stagnation. 

For  air  at  l.4a-Mr^s-^2S7.1  *0 

=  .v  s*c. 

For  superheated  water  vapor  at  k  1.3  and  462,0  m  Vj-c*-  "C' 

a.  >*22.8/7';. 

By  formula  (2-18)  we  obtain: 

for  air  Sjuil.  =  2.45; 

for  superheated  water  vapor  2.77. 

2-3*  Flow  Parameters  an  Arbitrary  Section  of  a  Tube  of  Flow  fStreamtube*) 


By  using  equation  of  energy,  we  express  parameters  of  flow  in  certain  section 


of  a  tube  of  flow  in  terms  of  parameters  of  the  stagnation  and  speed  in  this  sisotion. 
For  this  purpose,  after  transforming  formula  (2»liV),  we  obtain: 

(2-Ua) 


f»_,  a*  « 


By  dividing  all  ths  terms  by  we  obtain: 

1  j_.  1  I  fL.  - 

“  a  c*  • 

Ml  introduce  the  following  designations  for  the  dimensionless  speeds: 


(2-lAb) 


*•« 


(2-19) 


'^TRANSLATION  EDITOR'S  NOTE:  In  this  monograph  It  is  assumed  that  the  terms 
"tube  of  flow"  and "streamtube"  are  interchangeable. 


then  equation  (2-14b)  vdll  be  have  the  form 


I  I  1 

T+*3T  'Sr»-S^'V“‘2  6* 


(2«20) 


Equation  (2-20)  establishes  connection  between  dimensionless  speeds.  After 


simple  transformations  we  obtain: 


8  I’ 

*—  I  |~gl' 


(2-21) 


Ws  now  use  formula  (2-10).  We  express  the  temperature  of  stagnation  in  such 


a  form: 


r,!=r 


(2-lOa) 


Ms  divide  left  and  right  side  by  and  determine  the  ratio  of  temperatures: 

‘  2«,r,  • 


since 


X  er  1 i-IZjLl*--  1 » 

T,  *  *• 


(2-22) 


Beeldesj  after  determining  from  (2-lOa)  the  ratio 
and  after  having  substituted  on  the  right-hand  side 


we  obtain: 


.  «• _ «* 


(2-23) 


For  an  Isontroplc  flow 


(2-24) 


In  using  formulas  (2-22)  and  (2-23)  It  is  possible  to  present  the  relative 
pressure  and  density  of  the  gas  in  an  arbitrary  section  of  a  tube  of  flow  depending 
upon  dimensionless  speeds  M,  A  and  (  (Table  2-1). 

Thus,  by  knowing  the  parameters  of  the  total  stagnation  of  flow  and  one  of 
diioensionless  speeds,  by  equation  (2-22)  and  (2-23)  one  can  determine  the  tempera¬ 
ture,  and  by  formulas,  presented  In  the  Table  2-1,— the  density  and  pressure  of  the 


gas  in  tha  given  section  of  tube  of  flow. 

From  the  fundamental  equations  there  Is  readily  obtained  a  connection  between 
parameters  in  two  arbitrarily  selected  sections  of  a  tube  of  flow. 

From  formulas  (2-22)  and  (2-23)  we  express  the  temperature  of  stagnation  In 
such  a  form: 

“m' 

For  two  sections  of  an  isentropic  flow  (1-1  and  2-2)  we  may  write  out  the 
aquation  of  energy  for  a  perfect  gas  In  such  a  fom: 

”  ^ia* 


\  ^  J  1-izLiM  «~5*‘ 


then 


.  .  *— »  4«9  .  »-*  ' 

*  .  *“'x»  '-“5? 


(2-25) 


In  the  concept  of  an  isentropic  flowj  by  using  relationship  (2-2U),  we  obtain 
formulas  for  ratios  of  the  pressiures  and  densities  (Table  2-1). 

There  also  is  readily  obtained  the  ratio  of  the  absolute  speeds  in  these 
sections : 

_ 

Af|C|  Ali 


ur  r,’ 


or  after  substitution  (2-25): 


1/ 


l+5i.'l5 


(2-26) 


Since  at  T  ■>  const,  the  speeds  &  and  c  mav  are  constant,  then 


6i 


Vto  note  that  equations  (2-22) — (2-26)  and  the  formulas,  presented  in  Table 
2-1,  are  modifications  of  the  equation  of  energy,  obtained  by  means  of  transforming 
equation  (2-10)  and  introducing  dinKunsionlsss  speeds. 

In  pract5.cal  calculations  of  gas  flows,  there  can  be  used  any  form  of  the 
equation  of  energy  and  parameters  p,  p  and  T  can  be  expi'essed  in  terms  of  any  of 
the  dimensionless  speeds  M,  A  ,  . 


However,  depending  upon  considered  problem,  it  is  found  expedient  to  apply 


*  diMnslonless  speody  tdiioh  assurea  a  aaximum  alupHcity  of  the  final  equations 


If  In  considered  regiony  the  speeds  are  less  than  the  crltlcaly  l.e.^if 

0<1<1; 


F+I- 


If  the  apeeds  of  flow  are  higher  than  the  oritloaly  i*e.y 

l<M<oci 

^F=ri 


1. 

In  the  first  oassy  flow  is  called  suhsonlc  or  suboritioal,*  but  in  the  second-^ 

juoersoHlo  or  supercritical «  Oonsequantlyy  value  of  dinsnelonlcss  speeds 

Ms::«jlasst 

divldeh  region  of  flows  with  subsonlo  (suborltloal)  speeds  and  with  supersonic 
(supercritical)  apeads.  It  is  possible  to  see  that  dlnensionless  speods  A  and  ^ 
have  finite  listlblng  val'jeSy  where  the  apted  X  -  1  at  o  >■  a^^  in  certain  eaaes  is 
Bors  convenisnt  for  uss. 

It  Bust  be  eaphaslsed  that  the  dimensionless  speeds  havs  a  apeelfio  physical 
nsanlng. 

In  Sec*  Z'^  it  wea  established  that, depending  upon  rslationshlps  between  c 
and  Sy  to  a  greater  or  lesser  degree  there  is  aanifested  e  oc«g)rssslbility  of  the 
flow  andy  oonsequentlyy  M  •  ~  at  each  point  of  flow  determines  the  degree  of  the 
Influence  of  oomprsesibility.  Besidesy  pltyeioal  value  of  the  Maoh  number  la  as* 
oertainod  in  eonelderlng  the  magnitude 

e* 

(sinoe  1  •  "  )*  whence  It  follows  that  the  square  of  Maoh  number  Is  proport, lonal 

to  the  ratio  ' of  kinetic  energy  of  flow  to  its  potential  energy  at  a  given  point . 


VI  .■  r 


Egr  knowing  th4t  th«  8qu«r«  of  tht  orltloal  tpood  ean  be  eaqpreseed  by  the 


enthelby  of  etegnetloni 


it  It  pQsalbXa  to  prtsant  in  tht  foUoidiig  tormi 

Thu8»  the  equeres  of  diMnslonleee  speed  end  also  |  ere  proportional  to 
the  ratio  of  the  kinetic  energy  of  flow  to  Ite  total  energy  1^. 

In  flowe  of  gas  without  an  energy  exchange  with  the  envlronaentf  the  total 
energy  of  the  flow  1^  le  at  each  point  a  eonetant  nagnltude.  .  Correepondinglyy 
the  oonetante  ore  the  apeede  a^  and  o  depending  only  on  1^  (at  k  •  oonet). 
In  thle  oaee  A  and  (  give  ue  the  epeed  of  rinw,  related  to  different «  but  oonetant 
eealee  for  the  entire  flow. 

In  energy  nonieolated  flow,  when  there  takee  place  a  heat  exchange  with  the 
envlronsaent  (dQ  |f^  0)  or  an  exchange  of  neohanical  work  (dl^  /  0),  the  total  energy 
warlee  froB  point  to  point.  In  accordance  with  variations  of  1^  the  epeeds  ae, 


a^,  and  c 


change, 


O'  —  '  «ax 

It  should  be  enphaslsed  that  formulas  (2-23),  (2-24 X  at  al.,  associating  the 
parameters  of  stagnation  with  the  parameters  of  flow“(Tab]e2-l),  are  valid  also 
for  flows  with  an  energy  exchange,  but,  however,  in  this  case,  connection  between 
parameters  of  stagnation,  the  static  parameters  and  dijasnslonless  speeds,  is 
local,  l.e.,  it  refers  only  to  a  given  point  or  given  section  of  tube  of  flow, 
where  by  pg  and  Pg  are  understood  the  parameters  of  an  isentropic  stagnation  at 
the  given  point.  These  equations  cannot  be  applied  to  two  different  sections  of 
the  tube,  since  in  the  section  between  cross  sections  total,  energy  of  the  flow 
warlee.  Consequently,  formulas  for  static  parameters,  indicated  in  Table  2-1, 
and  formulas  (2-25)  and  (2-26)  for  such  flows  are  Inapplicable. 

e 


Ws  noto  th&t  the  dimensionless  speed  N  Is  one  of  the  basic  criteria  in  theory 


of  similarity  in  analyzing  processes  of  motion  with  high  speeds  since  the  re- 
•istance  coefficient  basically  depends  on  the  ratio  .  « 

2-4.  Change  in  Speed  Along  a  Tube  of  Flow. 

The  Reduced  Flow  Rate"*of  Gas 


Ws  shall  subject  to  a  more  detailed  investigation  the  character  of  the  change 
of  speed  along  tube  of  flow.  For  this  purpose «  ws  shall  use  equations  of  a  one¬ 


dimensional  flow: 


f  f  '  *■ 


Simple  transformations  make  it  possible  to  obtain: 


hence 


(2-27) 


After  dividing  both  sides  of  the  equation  by  a^dx  and  expressing  logai'ithmio 
derivative  of  the  speed,  we  obtain: 

r  jp 

J|_  i/f  ^  a X  ^  (2-28) 

<■  ' 

After  expressing  by  means  of  (2-21)  V?  in  terns  ofA^,  we  obtain: 

■  i?  Uf  (2-29) 

A  4/.V  X*  -"i~  rux- 

Squations  (2-2S)  and  (2-29)  are  differential  equations  of  the  distribution 
of  specdc  along  axis  of  the  tube  of  flow.  They  can  be  Integrated,  if  there  is 
known  the  form  of  the  function  F(x).  At  the  same  time,  these  equations  are  very 
eonvanlent  for  a  qualitative  analysis  of  the  change  of  speed  of  flow  In  tubes  of 
flow  of  different  shape. 


*Seo  Chap.  5 


I  ,  ‘  ^ 

nrat  aquaitlon  (<i^9)  it  foUoiM  that^v  •*  0  at 

i  fJWsf  LIMi  C'l  i • 

a)  1—0; 


b)  A=r 

fl)  JC-o. 


j:‘x 


«4)(' 


(2-30) 


The  oise  "a"  oorresponda  to  a  uotlonlesa  gas  and  thersfors  it  Is  of  no  inter- 
est.  Case  "bj'  ^oh  correspond  to  the  maxlaum  speed  of  flow, is  entirely  obvious: 
at  A  «  A  ^  a  further  increase  of  the  speed  is  japossible.  Finally,  the  ease 
"o"  results  in  at  X  1.  It  is  readily  seen  that  at  the  considered 

point  X  *  x»,  the  function  F(x)  has  a  maxlnun,  a  minimum  or  an  inflection  point. 
Consequently,  in  such  sections  of  a  tube  of  flow  the  speeds  also  have  extreme  values , 
From  equation  (2-29)  it  may  be  concluded,  that  the  derivative  of  the  speed 
^<■=£00  at  A  ■>  1  and  0.  However,  such  a  solution,  signifying  presence  of 
a  discontinuity  of  speed  is  physically  impossible  (we  analyse  continuously  the 
varying  motion  of  the  gas). 

Let  us  consider  the  qualitative  picture  of  the  flow  of  a  gas  in  9  tube  of 
flow,  having  In  x  ■>  X(^  a  maximum  or  minimum  of  the  section  (Pig.  2-2).  Suppose 


Pig.  2-2.  Variation  of  speed  along  a  tube  of  flow. 


Let  us  Assume  that  to  the  left  of  P(x)  •=  the  speed  1<1.  Then,  from  (2-29)  it 

follows  that  since  ^  >  0,  then^j<0,  l.e.,  speed  in  the  tube  of  flow  towards 
diminishes.  To  the  right  ^  ^  ^  speed  of  flow  increases. 

Analogously  at  A  >  1  we  shall  have  to  the  left  >  0  vid  to  the  right  ^  <  0. 

If  function  F(x)  has  a  minimum  at  the  considered  point,  then  to  the  left  of 
F(x)  •>  Fjo^  At  A<  }  .  and  the  speed  will  increase,  since  ^  >  0,  (Fig.2-2b). 

At  1  >  1  there  will  be  to  the  left  ~  <  0 1  to  the  right  s.  0 

mX  '  4x^ 

Thus,  we  have  shown  that  in  a  maximum  section  of  a  tube  of  flow  the  subsonic 
flow  acquires  a  minimum  speed,  and  the  supersonic,  a  maxlmum«  In  an  expanding 
,  part  of  tube  of  flow  the  speed  of  subsonic  flow  drops,  but  in  narrowing— increases . 
The  supersonic  flow  in  the  expanding  part  is  accelerated,  but  .In  narrowing— la 
stagnated.  At  any  valuea  of  1  at  the  entry  the  curve  of  epeed  in  thle  ease  (F(x)** 
"^fflsx^  has  sn  sxtrsme.  There  follows  frca  this  a  very  important  conclusion i  the 
character  of  ohanae  of  Ure  speed  along  §  tube  of  flow  in  principle  is  different 
for  subsonic  and  auperaonio  flows.  In  the  first  ease  the  flow  of  gas  from  the 
qualitative  aspect  will  conduct  Itself  the  ssmo  ss  the  f  >w  of  an  incompressible 
I  fluid,  and  In  the  second  case  the  curve  of  speed  i  (x)  has  a  character,  analogous 
to  the  curve  of  the  sections  F(x).  It  is  obvious  that  in  a  tube  of  flow,  having 
a  maximum  of  section,  a  transition  from  the  region  of  subsonic  to  the  region  of 

supersonic  speeds  and  vice  versa  is  impossible. 

0 

In  a  tube  of  flow  with  a  minimum  of  section,  speed  of  both  the  subsonic,  and 
also  of  supersonic  flow  approaches  the  value  in  the  minimum  section.  If 

speed  of  flow  in  minimum  section  is  and  then  a  transition  through 

the  critical  epeed,  obviously,  is  realised. 

. . )Ai  consider  now  the  change  of  preeture,  temperature,  and  density  of  gas  in  a 

'  tube  of  flow.  Directly  from  formula  (2-13),  et  si#,  it  follows  that,  there,  where 
speed  increases,  temperature,  density  and  pressure  in  an  Isentropic  flow  of  gas, 
dscrease,  and  vice  versa. 


,  ^uSf  In  a  narrowing  stream  In  a  subsonic  flowi  the  temperature |  pressure 
and  density  deoreaoedi  and  In  a  supersonic  flow,  increase*  In  an  expanding 
stream  the  picture  will  be  reverse. 

Parameters,  corresponding  to  a  seotlon  of  tube  of  flow,  in  which  X  ■  1,  wo 

shall  call  critical  parameters.  They  are  readily  determined  by  formula  (2-22)  and 

by  formulas  for  P,  and  £  ,  presented  in  the  Table  2-1,  after  substituting  X  ^  It 
Po  Po  - 

(2-31) 


(2-32) 

(2-33) 


Ns  see  that  the  critical  parameters  depend  on  the  physical  properties  of  gas 
(coefficient  k)  and  on  parameters  of  complete  stagnation. 

In  Table  2-2  there  are  presented  values  of  the  relative  critical  parameters 
(relating  to  corresponding  parameters  of  stagnation)  for  different  k  coefficients. 

Table  2-2.  The  Critical  Ratios  of  Paraotetera  for  Different  Oases 


t 

1.07  1,4  1,33  1,30  l,2S 

1,20 

1,15 

l.l 

■77 

0.7491  0,8333  0,8684  0,6090  0,869 

0,9091 

0,0292 

0,9524 

0,0103  0,0330  0,0290  0.G27O  0,024 

0,0209 

0.GI73 

0,0130 

Pt 

0,4607  0,5262  0,6404  0,5457  0.565 

0,5045 

0,6740 

0,5647 

The  above- obtajjied  fundamental  laws,  or  regularities,  determining  the 
variation  of  parameters  of  flow  in  a  tube  of  flow  current,  physically  can  be  under¬ 
stood  from  a  consideration  of  equation  of  constancy  of  the  flow  rate  in  a  tube  of 
flow  [formula  (2-7)].  By  means  of  equation  ' 

SO 


(2-34) 


(Table  2-1)  we  define  the  apeclflc  floy  rate  of  a  gas : 

f  • 

The  Bass  flow  rate  per  eeoond  a  for  each  aeotlon  of  a  tube  of  flow  will  be  one 
and  the  same.  Intensity  of  change  of  density  p  and  the  speed  o  will  be  different 
in  subsonic  and  supersonic  regions*  In  a  subsonic  region  with  an  increase  in  0| 
the  density  deoreaseii  more  gradually  than  the  speed  increases,  therefore  the  tube 
of  flow  must  be  narrowedj  section  F  must  be  diminished.  At  supersonic  speeds,  oon- 
Tsrsely,  a  decrease  in  the  density  will  be  mors  intense  than  the  increase  in  speed, 
and  the  tubs  of  flow  will  expand. 

As  can  be  seen  Arom  formula  (2-34)  function  B  (A)  >"OatX'*Oandl;^|/  |' 
and,  consequently,  at  a  certain  X  ,  has  an  extreme  value.  For  determination  of  this 
value  of  X  ,  we  shall  differentiate  (2-34) 


'dm 

•ar' 


,irr 


It  follows  from  this  that  maximum  value  of  the  specific  flow  rate  corresponds 


to  X  «  l,l,e.,a  critical  value  of  speed,  since  ^  vanishes  at  X  ■■  1.  Consequently, 

I  dX 


m 


AMH 


The  reduced  flow  ratq  is  the  name  for  the  ratio 

- . 


In  Fig.  2-3  dependencies  of  the  parameters  of  flow  ;  JL  ^  ^  «nd  the  reduced 

P*  •* 

flow  rate  q  on  the  dimensionless  speed  (for  different  k)  are  presented. 

Here,  there  Is  given  the  corresponding  scheme  of  the  variations  of  sections 
of  a  tube  of  flow,  along  the  axis  of  which  the  speed  continuously  Increases.  It  is 
readily  seen  that  with  a  maximum  speed  reduced  flow 

rate £=^-=3  0,1,0.,  F~-oo.  Physically  this  is  intelligible,  since  at  1  =  1 
p  a.  0  (outflow  into  an  absolute  vacuum)  and  P  "*  0. 


(2-35) 


(2-36) 


5/ 


Pig*  2-3  •  dTnamlo  funotlons  of  a  one-dlmnslonal 
Istntroplo  flow  P  P»>  P  P*-  p  ?«./«<*  -« i.i’.  !.•>;  i.^). 

ThuS|  wi  have  aatabllshad  that  In  a  tuba  of  flow,  having  a  minimum  aaotloni 

thara  may  ooour  a  tranaltlon  through  tha  orltloal  apaad*  Tha  naoaaaary  and  auffl- 

olant  oondltlona  for  suoh  a  tranaltlon  ara  tha  oondltona  A  ■■  1  and  d  X  /dx  0  In 

tha  minimum  aaotlon.  Tha  raduoad  flow  rate  of  tha  gaa  In  thla  raapaot  aoquiras  a 

maximum  value. 

If  the  apaed  in  minimum  aaotlon  will  attain  a  orltloal  value,  and  the  aaoond 

oondltlon  ^  O)  la  not  fulfilled,  then  a  transition  through  tha  orltloal  apaad 
ox 

will  not  ooour.  Thla  oaaa  oorreaponds  to  tha  manif a  station  of  orltloal  spaods  In 
a  tuba  of  flow  and  la  Important  both  In  tha  theory  of  the  Laval  noaale  and  alao 
In  problems  of  axtarnal  flow  around  bodies.  i 

^**5.  Certain  Oas«»Dynamlo  Funotions  of  a  One-dlmonsional  Adiabatic  Flow 


Above  (Sao.  2-3  and  2-4)  ws  became  acquainted  with  certain  Important 


] 


dlaMixalonl^sr  oharacterlstlos  of  a  ono-dlaanslonal  flow  of  gas,  which  are  expressed 
in  the  form  of  simple  functions  of  dimensionless  speeds  M,  4  ,  or  (  .  These  gas- 
djmamlo  functions  play  an  important  role  in  realising  different  gas-dynamle  calcu¬ 
lations,  and  also  In  processing  the  results  of  the  experiment. 

In  addition  to  the  already  known,  it  la  simple  to  obtain  also  gas-dynamlo 
functions,  which  are  encountered  in  transformations  of  equations  of  conservation  of 
flow  rate,  momentum,  and  energy. 

By  swans  of  the  reduced  flow  rate  q  there  is  readily  determined  the  total 


mass  flow  weight  rate  of  a  gas  throt>gh  a  given  section] 

0  BBigFfc  xsa  gFga^f^, . 


(2-37) 


or  after  substitution 


»•  “  (dtf^ '•  - 


and  transformations  we  flndt 


where 


Os=ICf 

/r; 


(2-3d) 


The  flow  rate  oan  be  expressed  also  in  terms  of  the  static  pressure  of  the 
flow  in  a  given  seotion.  For  this  purpose,  we  shall  divide  and  multiply  the  right- 
hand  side  of  formula  (2-38)  by  p: 

(2-39) 


where 


0  fTl  **) 


(2-40) 


is  a  new  function  of  dimensionless  speed  A  ,  depending  also  only  on  k  and  A  . 

nie  equations  of  the  rate  flow  in  the  form  (2-38)  and  (2-39)  can  be  used  for 
toaloulatlng  the  adiabatic  flow  in  an  isolated  system  (without  an  energy  exchange 
with  the  external  medium)  in  the  presence  of  friction.  Actually,  the  condition  for 


!  iKI  obnililuicij  of  th«  flotr  r«t«  (2-30)  for  two  afbitrari^  oolioiod  Boctibna  of  tho 

« 

ehannol  o«n  bo  writton  in  such  s  form: 


Siiioo  for  «n  Isolatsd  syatom  »  thin 


for  ohannols  of  oonstant  sootlon 

tAwmS^., 

#1.  «• 


(2-Al) 


(2-Al*) 


Fomulu  (2-41)  and  (2-4Ia)  make  it  possible  to  find  the  variation  of  preusure 
of  stagnatloni  stipulated  by  Irrsvsrslbls  ohan^ss  of  stats  of  the  moving  gas  and| 

In  partloulaTi  losses »  caused  by  Internal  friotional  forces. 


Analogously  by  means  of  (2-39)  there  can  be  obtained  (T^  >■  ■■  T^)i 


whence 

ft. 

(2-42) 

or  for  cylindrical  channel 

>j> 

1 

e 

(2-42a) 

Relationships  (2-42)  can  be  used  for  determining  the  static  pressure  in  one  of 
the  sections  of  flow,  if  there  are  known  the  speeds  in  two  sections  (  and  X^) 
and  the  static  pressure  in  one  of  them* 

Ws  shall  introduce  still  one  function,  that  oharacterlBcs  pulse  of  flow,  equal 


to 


(2-43) 


I 

In  considering  that 


we  shall  rewrite  (2-43a)  in  the  form  of; 

y=^-(c+A).  (2-M.) 


r 


• I 


(2-U) 


From  (2-17)  and  (2-22)  wa  have: 


i IRT.  (i  -  J>)= (1  - 


and  0  -•  Aa  ;  then  equation  (2-43)  can  be  written  aa: 


where 


(2-45) 


a  certain  new  function  of  the  dlmenelonlesa  speed  A  • 

Equation  for  the  pulse  of  gas  flow  (2-44)  was  for  the  first  tisM  obtained  by 
Bt  M.  Kiselev.  It  is  widely  used  In  different  problems  and>  in  particular,  for 
calculating  energy  nonisolated  flows  (calculation  of  flows  with  admission  of 

renoval  of  heat  in  the  presence  of  frictional  forces,  calculation  of  sudden  ex¬ 
panding  of  channel,  the  process  of  uixiug,  etc,). 

The  original  equation  of  pulse  (2-43a)  / 


Jssa  • 


is  readily  transformed  to  another  form,  by  using  new  Important  ftmctlon  of  the 


dimensionless  static  pressure 


*-75r“K-'  a  » ■ 


(2-46) 


After  replacing  here  £  “  gRT  and  a„  by  formula  (2-17)  we  shall  obtain  . 

P  * 

(2-46.) 

Consequently,  pulse  of  flow  is  expressed  through  function  r  by  the  formula 

■2-a.(»+.). 


and  a  connection  between  ^  and  r  is  established  by  the  relationship 

f 


«S=3  ' 


2k 


(2-48) 


^Function  r  for  the  first  time  was  oroposed  by  A.  P.  Gandel'sman  and  used  in 
works  of  A.  A.  Gukhman  and  A.  F.  Gandel'sman  for  the  study  of  resistance  of  tubes 
during  an  adiabatic  flow  of  gas. 


M  now  use  formulas  (2-38)  and  (2-39)  and  replace  the  magnitude  of  the  flow 


rate  G  in  equations  (2-44)  and  (2-47) •  After  simple  transformations  we  find: 


and 


Hera  >.  = 


A' 

2  \iPT‘ 


y  =  h,Fp^q  (i  -j-  *) 

/=  kt^Fpi  (1  -f-  r) = 9Fpi^. 
is  the  critical  ratio  of  the  pressures t 


(2-49) 


(2-50) 


-  /  2  \I^  is  the  critical  ratio  of  the  density* 

‘‘."-UTT/ 

Ely  means  of  form 


formulas  (2-40)  and  (2-50)  there  is  readily  established  a  oonnecticn 
between  gas-dynamic  functions  ^  ^  and  r  . 


In  certain  calculations  it  is  convenient  to  Introduce  also  the  functions 


and 


T 1)  t  - 
A  r=  Ml  =  Ai.3  (A  +  *) ^+L 


(2-51) 

(2-52) 


Then 


j^^Fpt^LFp,  (2-53) 

Function  of  a  dimensionless  static  pressure  w  is  encountered  also  in  using 
the  equation  of  energy.  We  shall  express  from  (2-14)  the  speed  of  sound: 

0  — — 5 — 0*  »>  • 

2  *  ‘ 

After  dividing  this  equation  by  a^f  we  obtain: 

IT! 

If  we  use  the  equation  of  energy  in  the  form  (2-11),  It  is  sisqple  to  find  ratio 
of  the  velocity  head  to  the  static  pressure  p:  ("p"  ’ 


After  substitution  of  the  values  and  we  shall  obtain: 

The  velocity  head  related  to  the  pressure  of  stagnation,  can  be  found  by  the 


(2-55) 


formula 


I  — JLX  — A*. 


(2-56) 


5^ 


Thus,,  a  number  of  characteristics  of  a  one-dimensional  gas  flow  is  expressed 
In  the  form  of  functions  of  diiriunsionless  speed  A  and  the  coefficient  of  the 
Isentroplc  process,  k.  The  most  important  of  the  functions  have  been  reduced  to 
tables  of  gas-dynamic  functions,  constructed  for  different  constant  values  k 
(Appendix  1)*  Tho  use  of  such  tables  considerably  simplifies  gas-dynamic  calcu- 
lations>  which  accounts  for  the  wide  distribution  of  the  tables* 

At  the  same  time  an  analysis  of  change  of  certain  gas-dynamic  functions  makes 
it  possible  to  make  important  conclusions  about  properties  of  gas  flow.  Thus, 
for  example,  in  Fig.  2-k%  supplementing  Fig.  2-3,  there  are  presented  the  functions 

»  ,  d  ,  A  ,  T  and  J{k  *=  1.4) The  function  J  is  shown  in  Fig.  2-4. 

o 

Function  v  monotonlcally  diminishes  with  an  increase  of  the  speed  A  and  at 
X  «>  1  acquires  a  critical  value,  equal  [formula  (2-46a)]  to: 

In  remembering  the  expression  for  critical  ratio  of  the  preesures,  we  readily 


In  turning  to  Fig.  2-4i  it  may  be  noted  that  t fi;nction  7  varies  slightly 
In  the  wide  range  of  apeeds  0<A  4^  1.5.  gy  bearing  in  mind  meaning  of  this 
function  [formula  (2-5l)]j  ws  readily  come  to  the  conclusion  that  with  a  constant 
pressure  of  stagnation  the  pulse  of  flow  weakly  depends  on  the  dimensionless 


Fig.  2-4.  Gas-dynamic  functions  c.  a,  A.  /.  t  of  a  one-dimensional 

flow  of  gas  for  k  “  1.4. 


•0 


With  *  constant  static  prsssursi  the  pulse  In  the  given  seotic  tensely  Increases 

I 

with  an  increase  of  A  ,  since  function  A  sharply  increases  from  unity  at  A  “  0 
to  infinity  at  A-»  X 

BIBUC 

The  flow  rate  of  a  gas  through  a  given  section  F  varies  very  greatly  with  a 
variation  of  X  j  if  the  static  pressure  is  kept  constant} 


Fig*  2-5 •  Isentroplc  process  of  expan- 
slon(A)  in  a  thermal  diagram  and  (B)  the 
determination  of  critical  parameters  for 
a  real  gas.  2 

KEY  to  b);  (a)  kcalAg*  (b)  kg/m‘^*sec; 
(e)  m/seo. 


this  is  characterized  by  the  behavior  of  function  S  (Fig.  2-4) 


In  the  above-presented  formulas  constants,  depending  only  on  k,  appear, 
Values  of  certain  constants  are  given  In  Table  2-3. 


Table  2-3. 


* 

i.er 

I.S 

i.4 

1.33 

1.3 

1,93 

1.3 

i 

M 

a,n» 

».nii 

o.om 

o,m 

1 

O.fUH 

a,<i235 

*(s^rr 

D.wr' 

i 

o.Tiie) 

o.m) 

o,n3j 

jO.'VJ.M 

1 

B.iWIU 
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2-6.  Peoullarlties  of  Calculating  a  One-dimensional  Flow  of  a  Real  Gas 

The  equation  of  energy  (2-10)  makes  It  possible  to  use  extensively  phase 
diagrams  for  oaloulatlng  gas  flows,  idiioh  are  especially  Important  in  Investigating 
flows  of  real  gases,  change  of  state  of  which  is  not  subordinated  to  aquation 
(1-1),  and  the  heat  capacity  Is  a  function  of  the  pressure  and  temperature. 

In  the  practice  of  calculating  heat  engines  (steam  and  gas  turbines,  oonpres- 
sora,  et  al.)most  widely  employed  are  thermal  diagrams,  in  which  along  the  axes  of 
coordinates  there  are  plotted  the  temperature  and  entropy,  or  enthalpy  and  entropy 
(T-s  and  i-s  diagrams).  Such  diagrams  constructed  on  the  basis  of  experimental 
data  make  it  possible  with  sufficient  accuracy  to  calculate  the  different  processes 
in  change  of  state  of  gases,  including  in  the  region  of  moist  vapor  and  near  the 
lliB  of  saturation. 

The  T-s  and  i-s  phase  diagrams  may  be  widely  used  in  investigating  gas  flows. 

Actually*  we  shall  express  from  the  equaticn  of  energy  (2-10)  the  speed  of 


Aft«r  aubatlttiiliig  1  (kilocaloriaAs)  ^  »hajll  obtain; 

nt;  :;  ii".- 

f  s= 

! 

In  aubatltutlng  values  of  the  Constance  g  and  A,  we  find: 

(2-,l0b) 

Formula  (2-lOb)  indicates  that  for  determining  the  speed  of  flow  it  is  neces¬ 
sary  to  know  the  difference  between  the  enthalpies  i^  •—  i,  >diloh  readily  Is  deter¬ 
mined  by  the  i-s  diagramy  if  the  parameters  of  complete  stagnation  of  the  gas 
(Po*  Tq)  and  static  parameters  of  flow  (p,  T)  are  known* 

In  Fig.  2-5ai  there  is  presented  a  portion  of  an  i-s  diagram  for  water  vapor. 

I 

If  we  know  any  two  parameters  of  the  total  stagnation  (pj,  and  T^),  then  on  the  t-s 
diagram  thare  Is  found  the  point  0,  which  determines  the  state  of  a  stagnated  flow. 
This  point  can  be  found  also  by  other  parameters  of  state  (for  example,  i^  and  s^). 

By  drawing  a  vertical  line  up  to  the  intersection  point  with  Isobar  of  static 
pressure  p.  Isotherm  T  or  the  isochore  v,  we  determine  the  state  of  a  moving  gas 
(point  1)  and  first  of  all  its  enthalpy  i;  chan  the  speed  of  flow  readily  can  be 

i 

determined  by  equation  (2-lOb). 

The  difference  of  entSialpies  *  1^  —  i  entering  in  this  aquation  is  called 
the  laentropic  differential  of  the  enthalpies. 

Thermal  diagrams  can  be  used  also  for  calculating  Irreversible  flows  (see 
below).  In  this  case,  however,  for  determining  the  speed  of  flow  three  parameters 
of  state  are  insufficient. 

In  considering  the  i»«ntrcplo  motion  along  a  tube  of  flow  of  variable  section 
on  an  l-s  diagram,  there  la  readily  found  the  specific  flow  rate  of  gas  in  different 
sections  ^  and  readily  constructed  this  magnitude,  and  also  other  parameters 
depending  on  the  speed  c  (Fig.  2-5, b).  The  maximum  of  specific  flow  rate  corresponds 
to  a  critical  section  of  the  tube,  determinate  by  the  aquation  of  flow  rate; 


PATAmeters  l:i  the  critical  section  are  found  from  the  condition  c  ■■  a.  For 

r'.C'  '  ;  ’  ;  '  ■  ■  ■ ' 

this  purpose  it  is  possible  to  construct  curves  of  variations  of  the  speed  of 
sound  a(l)  and  of  speed  of  flow  o(i)  depending  upon  the  enthalpy;  the  intersection 
point  of  indicated  curves  gives  the  values  a  and  1  in  the  critical  section.  By 
transferring  this  point  to  an  i>s  diagram  there  can  be  found  also  other  parameters 
in  this  section  (Fig.  2~5fb). 

I 

I 


i 


I 
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CHAPTER  3 


TWO-DIMENSIONAL  MOTION  Cf  GAS  WITH  CONSTANT  ENTROPY 


3~lt  Potential  Motion  of  Fluid 


A  condition  of  Irrotatlonal  motion  can  be  obtained  from  equation  (1-6).  For  a 


three-dimeneional  irrotatlonal  flow  (Wj  -  <*>y**w,  **  0)  from  (1-6)  it  follows: 

dw  ^  . 

"Sy^  di  * 

iu  Sto  , 


(3-1) 


da  ^  du 
7x'~'dy  •  , 

B/  bearing  In  mind  the  mechanical  sense  of  the  partial  derivatives  In  equations 
(1-6),  m  may  conclude  that  formulas  (3-1)  indeed  express  condition  of  an  absence 
of  the  rotational  motion  of  a  fluid  particle.  On  the  other  hand,  equalities  (3-1) 
mathematically  express  the  fact  that  there  exists  a  certain  function  of  the  coordi- 
nates(t>(x,  y,  s),  the  partial  derivatives  of  which  for  the  coordinates  are  equal  to 
projections  of  the  speed  onto  corresponding  axes  of  coordinates,  i.e.|  , 

"“TT  * 


dy  • 

d9 
df  ' 


(3-2) 


Aetually,  a  substitution  of  (3-2)  into  (3-1)  results  in  an  Identities. 
Piinctlond>(x,7i  s)  is  called  the  potential,  of  ths  speed. 

The  concept  of  the  potential  of  speed  in  aerohydromechanies  is  identical  to  the 
concept  of  the  potential  of  forces  in  the  meehanios  of  a  solid  body.  From  meohanios 

a 


it  is  known  that  derivative  of  the  potential  of  forces  in  any  direction  gives  a 
projection  of  potential  force,  acting  in  this  direction.  6y  analogy,  intensity  of 
change  in  potential  of  speed  in  direction  of  coordinate  axes,  determines  projections 
of  the  speed  onto  the  corresponding  axes  [formulas  (3-2)2, 

The  discussion  above  shows  that  the  potential  motion  of  a  gas  in  an  isolated 
system  is  isentropie,  l.e.,  if  the  flow  is  irrotational  and  adiabatic,  then  the 
change  in  entropy  in  any  oireotion  in  the  flow  is  equal  to  zero  and  the  flow  of  the 
gas  is  described  by  a  certain  function  of  the  coordinates d> (x,  y,  a). 

In  being  restricted  in  this  chapter  to  a  consideration  of  only  two-dimensional 
potential  flows  of  gas,  we  can  obtain  an  equation  of  the  potential  of  the  speeds 
by  means  of  Euler  equations. 

For  a  two-dimensional  steady  flow  on  the  assumption  X  Y  ■■  0,  equations 
(1-12 )  and  (1-16)  give :  “  £  +  “  “T  * 

f  dy  (3-3) 

The  pressure  gradients  and^  can  be  expressed  in  the  following  manner: 

1 


(3-5) 


dp 

57 

dp 

dy 

— “  57  ' 

Fk’oa  the  third  equation  (3-3)  after  differentiation  we  obtain: 

After  substituting  (3-4)  into  (3-3)  we  shall  have: 

Sr  o*  <»Jr  ^  Oy)’ 

iy  a*  V* 

In  substituting  derivatives  of  the  density  in  (3-5 )«  we  obtain: 

/,  i/,  p*  \  dtf  uofdutda\ _ 

By  bearing  in  mind  (3-2),  we  rewrite  (3-6)  in  the  form  of: 

1  » 

—  ill!.  2uv  a*<t>  n 


(3-6) 


L  .  . 


(3-7) 


,  ^  ^  fiction  (3-7)  !■  »  nonlinear  differential  equation  of  the  potential  of  apeeda 
in  partial  derivatives  of  second  order. 

'  ^  Introduction  of  potential  of  speed  made  It  possible  to  reduce  a  system  of  three 

equations  (3-3)  to  one  (3-7 )>  to  decrease  number  of  unknowns  from  six  to  five  and 
to  leave  In  the  equation  only  the  kinematic  parameters. 

If  In  investigated  field  Of  flow,  there  Is  known  the  potential  of  speed  4>(x,  7), 
then  under  given  boundary  conditions  there  can  be  determined  all  parameters  of  the 
flow.  The  potential  of  speed  makes  it  possible  to  determine  the  speed  of  flow  (u, 
v)  by  formulas  (3-2).  By  means  of  the  equation  of  energy  Jointly  with  equation  of 
the  Isentroplc  process  there  are  readily  determined  the  pressure  p,  the  density 
and  temperature  of  gas  T. 

Thus,  in  investigating  the  potential  motions  of  a  gas,  the  chief  problem  ro- 
duoes  to  a  determination  of  the  potential  of  speeds  4> (x,  y)  for  a  given  fora  of 
motion,  i.e.,  to  determining  the  solution  of  equation  (3-7).  If  the  potential  fVnotdcn 
O  (x,  y^  is  determined,  then  kinematic  part  of  the  problem  is  solved.  Then,  with¬ 
out  special  difficulties,  there  is  solved  also  the  dynamic  part  of  problem.  However, 
equation  (3-7)  in  a  general  fora,  is  not  integrated. 

Let  us  note  that  the  potential  function  must  satisfy  specific  initial  and 
boundary  conditions  of  a  given  concrete  problem.  As  kinematic  initial  conditions 
there  should  be  given  distribution  of  parameters  of  flow  in  a  definite  —initial  — 
region  of  flow,  and  also  there  should  be  known  conditions  on  the  boundary  of  stream¬ 
lined  body.  In  solving  concrete  problems  of  flow  around  bodies,  most  frequently 
there  are  given  parameters  of  flow  of  a  nondlsturbed  flow  at  an  infinite  distance 
from  the  body  (initial  conditions) and  conditions  of  impenetrability  —  the  normal 
Component  epeed  on  surface  of  the  body  is  equal  to  zero  (boundary  conditions). 

Thus,  for  example,  if  a  two-dimensional  flow  in  infinity  is  parallel  to  the 
x-axls,  the  potential  of  the  epeed  should  correspond  to  the  foll.owing  conditions i 


m. 

m 


=f; 

) 

«0. 


Hart  also  there  uuat  bo  knoum  the  remaining  parameters: 

/»«.•  ^06- 

On  boundar7  of  the  streamlined  bodyi  physical  conditions  of  flow  around  dictate 
the  distribution  of  speeds.  By  assuming  a  continuous  flow  around,  ws  can  write 
that  the  normal  component  of  the  speed  on  surface  of  streamlined  body  must  be  equal 
to  aero  and,  consequently, 


In  considering  an  ideal  liquid  (in  absence  of  forces  of  viscosity),  ws  must 
admit  that  particles  of  a  fluid  slip  along  the  streamlined  surface  of  a  body  and, 

I 

consequently,  tangential  components  of  the  speed 

.  (here,  there  Is  /considered  a  mobile  system  of  coordinates,  located  in  such  a  way, 
that  direction  of  the  axis  x  at  each  point  coincides  with  direction  of  the  tangent 
to  the  surface  of  the  body;  the  y  axis  is  normal  to  the  surface  of  the  body  and, 
consequently,  to  the  streamlines ) . 

A  more  detailed  examination  of  equation  (3**7),  by  which  the  potential  function 
(p(x,  y)  is' determined,  however,  shows  that  it  possesses  different  properties  de> 
pending  upon  relationship  between  components  of  the  speed  u  and  v  and  the  speed  of 
sound  a.  Actually,  let  us  assume  that  magnitudes  and are  very  small  and  they 
can  be  ignored,  l.e.,  we  assume  that  speed  of  gas  flow  is  small  in  ocmparlson  with 
the  speed  of  sound.  Then,  from  (3-7)  it  follows; 

-I  (3-^) 

Equation  (3-3)  characterizes  the  potential  flow  of  an  ideal  Inoompresiilble 
fluid.  ' 


U 


At  high  ttubtonlo  speeds j  vfhen  the  effsct  of  compressibility  cannot  be  ignored, 

I  hk-I  lll-ii  .  ,1  . ■  , 

the  nonlinear  differential  equation  (3-7)  significantly  is  simplified  in  ease  this 
flow  oan  be  considered  slightly  disturbed  (See  3-3). 

A  study  of  steady  two-dimensional  and  certain  axially  symmetric  flows  of  gas 
can  also  be  simplified  by  introducting  another  function  of  coordinates  —  the  stream 
function  'I'  .  In  turning  to  third  equation  of  system  (3-3)*  we  see  that  it  is 


satisfied,  if  we  assume 


.  Am* 


f  7a  » 

pg*— .. . 


T‘7F- 

In  order  that  the  stream  function  and  the  potential  of  speed  have  identical 
dimensionality,  the  coefficient  with  derivatives  is  expediently  reduced  to  a  di¬ 
mensionless  form.  Then,  in  the  case  of  a  potential  flow  equations  for  u  and  v 


will  be  written  in  the  foUovring  fom: 


“  TT* 


(3-9) 


where  r  W*  I 

In  the  simplest  case  of  motion  of  an  inccapressible  fluid  in  equations  (3-9) 

the  magnitude  of  relative  density  i 

Jl  — — I  ^1  I  I  ■  2  —  *  > 


’r“v‘  +  *”  *  +  4''’'^* • .  (3-10) 


may  be  assumed  equal  to  unity. 

Now  equations  (3-9)  acquire  the  form: 


(3-11) 


It  is  readily  noted  that  In  the  case  of  an  Irrotational  flow  [condition  (3-1)] 
function  satisfies  the  equation 


7?"”"  dir*  • 

If,  in  the  entire  region  of  flow  of  gas,  the  speeds  vary  insignificantly,  it  may 
be  assumed  A  »  const,  then  transition  to  equations  (3-11)  will  be  attained  by  a 


subatliuilon  T  »  T.  In  such  a  substitution  the  speed  of  gas  Is  simply  equal 
to  speed  of  an  Incompressible  fluid: 

Thus,  the  indicated  simplest  case  of  a  transition  frou  subsonic  flows  of  gas 
to  flows  of  Inoompresslbla  fluid  are  in  essence,  simply  a  disregard  of  the  influence 
of  ocmpreasibillty.  Possibilities  of  such  a  disregard,  stipulated  by  dependonce 
of  the  density  on  the  Mach  number,  are  very  limited.  In  reality,  if  it  were 
required  that  magnitude  differ  from  unity  by  not  more  than  1%^  then  in  accord¬ 
ance  with  (3"10)  Mach  number  should  be  not  larger  than  0.20. 

The  physical  importance  of  the  stream  function  ^  is  explained  in  determining 
the  flow  rate  of  a  gas  through  an  elementary  open  profile  in  a  two-dimensional  flow. 
It  is  possible  to  show  that  stream  function  numerically  is  eqiial  to  the  volumetric 
flow  rats  of  gas  through  such  an  elementary  profile.  It  follows  from  this  that  the 
stream  function  conserves  the  constant  value  along  streamlines  of  a  two-dimensional 
flow. 

Actually,  we  shall  draw  in  plane  of  flow  a  certain  profile  (Fig.  3-1)  and 
shall  calculate  the  volumetric  flow  rate  V  through  this  profile.  In  accordance 


Fig.  3-1.  Diagram  for  deriving  a  condition 
of  irrotatlonal  motion. 
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with  designations  In  Pig,  3rl  'f®  obtain*:  . 

V = fr,d/  ==  V  l«  cos  (a‘,  rt)  4-  f (i/.  ")I 


sines 

and 


«d/cos(.t,  fi)=ifd{/ 
vdlccs(ift  n)=^vdx. 
udif  —  vd.x  =  iPl'', 


than 

V  A 

I 

Region  of  flow,  iWted  by  the  strsaalines  «r.  ■*  const  and  v.  **  const,  is 

«•  Li 

the  tubs  of  flow.  Conssqusntlyi  dlffsrsnos  bstwssn  values  of  stream  function 

is  equal  to  the  volumetric  flow  rate  of  fluid  through  the  section  of 
tube  of  flow,  limited  by  streamllnea,  passing  through  points  L  and  L^. 

From  equations  (3*“ll)  it  follows  that  for  an  incompressible  fluid 


(3-12) 


(e^  I’d  MoatM 


■5F*“ 

'ey  ’ 

■“  e*  • 

Pig.  3-2.  The  Composition  of  two- 
dimensional  progressive  flows. 

KEY:  (a)  Resultant  flow;  (b)  Ist 
flow;  (o)  2nd  f].ow. 

Ry  adding  to  function  ^  different  constant  values,  we  shall  obtain  a  family 
of  Isopotential  lines.  Ry  using  conditions  (3-12),  it  is  possible  to  show  that 
the  streaisllnes  (lines  const)  and  isopotential  lines  (lines  ■■  const)  are 

mutually  orthogonal,  i.e.,  they  Intersect  at  a  right  angle  (Fig.  3-1) • 


*The  dimension  of  profile  in  a  direction,  normal  to  plane  of  figure,  is  assumed 
equal  to  unity. 


ii 


Pig*  3-3*  Vortex  eource  (Vortex  Sink). 

The  equation  of  potential  of  speeds  of  a  two-diAsnslonal  flow  of  an  incompress¬ 
ible  fluid  (3-8)  makes  it  possible  to  develop  the  widely  used  method  of  superposing 
the  potential  flows.  From  theory  of  differential  equations  of  an  elliptic  typoi  it 
is  known  that  if  function  solutions  of  such  an  equation!  then 

the  is  also  a  solution  of  this  equation.  It  follows  from 

this  that,  by  composing  potentials  of  the  speed  4»  and  of  stream  function  4^  of  the 
simplest  flows,  there  can  be  obtained  the  characteristic  of  a  more  composite  motion. 
Here  the  potentials  of  speeds  and  of  the  stream  function  are  composed  algebraically, 
and  vectors  of  speeds  —  gecmetrioally. 

Method  of  superposition  of  potential  flows  under  certain  conditions  can  be  used 
also  for  constructing  composite  flows  of  compressible  fluid. 

In  Fig.  3-2  there  is  presented  the  simplest  case  of  composing  two  two-dimension¬ 
al  progressive  flows.  Intelligible  without  explanations. 

Another  example  of  the  composition  of  potential  flows  is  shown  in  Fig.  3-3* 

The  composition  of  a  two-dimensional  source  (sink)  and  circulatory  flow  gives  a 
more  composite  motion,  called  a  vortex  source  (vortex  sink]^  the  streamlines  of  which 
have  a  spiral  shape. 

3-'2.  Pressure  CoefflcientB.  Critical  Mach  Number 

Mi  shall  dwell  on  certain  simple  concepts,  very  essential  in  oonoreto  theoret¬ 
ical  and  experimental  problems  of  gas  dynamics  and  vdilch  we  shall  use  In  ^vhe  future. 

Suppose  we  place  in  the  gas  flow  of  subsonic  speed,  a  certain  curvll'lnear 


airfoil  and  than  xe  exaialne  the  variation  of  the  parametere  of  an  elementary  stream, 

.  i'fl  4  • 

encompassing  such  an  airfoil  (Fig.  3-4). 

The  disturbance  of  the  flow  at  subsonic  speeds  created  by  airfoil  will  be  pro- 

I 

pagated  in  all  directions.  Including  that  against  the  flow.  Under  the  effect  of  K 
these  disturbances  the  elementary  streams,  moving  towards  the  airfoil,  will  be  de-« 
formed.  At  the  tip  of  airfoil,  central  stream  expands;  speed  of  flow  here  drops 
and  at  the  point  of  branching,  A, vanishes.  At  this  point  the  parameters  will  be 
equal  to  parameters  of  the  total  stagnation  of  the  flow.  On  the  forward  portion 
of  airfoil  section  of  stream  decreases,  as  a  consequence  of  which  speed  increases, 
and  the  pressure  drops.  On  upper  and  lower  surfaces  of  airfoil  there  continues  a 
'contraction  of  stream  with  corresponding  increase  in  speed.  At  a  certain  point 
the  section  of  the  stream  Is  at  a  minimum.  At  this  place  the  speed  will  bo  maximum. 
Further,  on  the  rear  surfaces  of  airfoil  the  stream  again  expands,  its  speed  drops, 
and  the  pressure  increases* 

Thus,  as  a  result  of  the  deformation  of  small  streams,  the  nature  of  which  is 
determinsd  by  the  shape  of  the  streamlined  body,  along  surface  of  airfoil  the  pres¬ 
sure  decreases.  The  distribution  of  pressures  causes  the  generation  of  aerodynamic 
forces,  acting  on  the  airfoil:  The  force  of  lift,  caused  by  difference  of  pressures 

- » 

0 

*9.5 
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Fig.  3-4  Distribution  of  pressure 
coefficients  along  airfoil. 
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on  upper  and  lower  surfaces  of  an  airfoil,  and  force  of  drag,  caused  by  the  differ¬ 
ence  of  pressures  on  the  forward  and  rear  part  of  airfoil  and  by  frictional  forces*. 

The  distribution  of  pressures  along  streamlined  surface  is  characterized  by 
dimensionless  magnitude— the  pressure  coefficient,  which  is  determined  as  the  ratio 


of  difference  between  pressures  at  the  given  point  on  surface  and  of  a  static, 
infinity  to  the  velocity  head^  undisturbed  flow: 


(3-13) 


The  velocity  head  can  be  expressed  in  terms  of  the  dimensionless  speed  M 
or  X  by  using  formulas  (2-21)  and  (2-55). 

\  \  J  (3_14) 

In  certain  cases  the  distribution  of  pressures  along  surface  is  characterized 
by  the  dimensionless  pressure  p,  which  is  the  ratio  of  the  pressure  at  a  given 
point  to  pressure  of  stagnation  of  an  undisturbed  flow: 

It  is  obvioue  that  connection  betwaen  pressure  coefficient  15  end  the  relative 


pressure  p  is  expressed  by  formula 


I  +  “2” 


(3-15) 


At  low  epseds  of  incident  flow,  it  is  more  convenient  for  calculating  the 
pressure  coefficient  to  use  formula  (3-13). 


In  Fig.  3-A  there  is  shown  the  approximate  distribution  of  p  along  surface  of 
airfoil.  As  long  a'>  speed  cw»  is  significantly  lees  than  the  speed  of  sound, 
character  of  deformation  of  amaU  streams,  and  at  the  same  time^elso  the  picture 
of  distribution  of  pressure  coefficients  along  the  airfoil  with  a  change  in  speed 


*If  we  diereg^d  influence  of  viecosity  end  consider  subsonic  end  nondetached 
now  ^ound  an  airfoil,  as  is  done  in  the  present  chapter,  then  the  force  of  drag 
will  txj  absent.  ® 
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of  undloturbod  flow  aro  k«pt  virtually  eonatant.  Howoveri  by  th«  degree  of  increase 
in  K^he  influence  of  compressibility  becomes  all  more  perceptible;  dietribution  p 
along  airfoil  starts  to  vary  especially  greatly  there,  where  the  local  speeds  in  the 
stream  (on  surface  of  airfoil)  are  higher.  In  minimum  section  of  the  stream  the 
speed  is  the  maximum.  We  shall  find  the  dependence  between  dimensionless  speed 
and  speed  at  certain  point  on  the  airfoil 

For  this  purpose  we  use  formula  (3-14)»  after  raplACing  in  it  the  ratio  of  the 
pressures  by  corresponding  M  numbers: 


P 

Pqo 


we  obtain 


(3-16) 


At  a  certain  value  in  the  minimum:  section  of  the  tube  of  flow  there 

is  established  a  critical  speed  1.  Corresponding  magnitude  of  pressure 
coefficient  will  be: 


(s^l)  +  -ij. 


(3-17) 

The  magnitude  M  is  called  the  critical  M  number  of  incident  flow;  it  determines 
that  value  of  dimensionless  speed  of  incident  flow,  with  which  maximum  local  speed 
on  airfoil  of  a  body  becomes  equal  to  local  apeed  of  sound.  From  a  determination 
of  the  critical  M  number,  it  follows  that  this  magnitude  differentiates  subsonic 
regimes  of  flow  round  a  body  into  two  groups.  The  first  group  of  subcrltical  regimes 
(Mw<!^<)  is  charaeterlsod  by  the  fact  that  at  all  points  of  the  field  of  flow,  the 
local  speeds  are  subsonic  To  second  group  (M^  >  M.)  belong  regimes  of  flow 

around  with  local  supersonic  speeds. 

In  the  Investigation  of  two-dimensional  motions  of  a  comprssalble  fluid,  refer- 


ing  both  to  the  first,  and  also  especially  to  the  second  group  of  regimes,  it  is 
necessary  to  consider  influence  of  compressibility.  This  problem  is  solved  in 


works  of  a  number  of  Soclet  scientists.  Even  In  1902,  S.  A.  Chaplygin  in  his  work 
"On  Gas  Jets"  published  a  method  of  calculating  the  compressibility  for  a  two- 
dli&ensional  flow.  This  work  has  been  very  valuable  at  present  and  has  been  the 
beginning  for  majority  of  contemporary  researches  on  determining  the  effect  of  com¬ 
pressibility  in  the  flow  around  bodies  by  flow  of  gas.  The  Soviet  scientists 
S.  A.  Khrlstlanovlch,  L.  I.  Sedoy,et  al.,  by  fruitfully  developing  the  idea  of 
Sf  A.  Chaplygin  worked  out  reliable  methods  of  calculating  the  effect  of  compress¬ 
ibility*  These  methods  are  widely  used  also  in  solving  problems  associated  with 
the  flow  of  gas  in  the  flow  part  of  turbomachines. 

Together  with  relatively  complex  methods  of  calculating  the  influence  of  com¬ 
pressibility  by  a  number  of  authors  there  have  been  proposed  approximate  methods, 
making  it  possible  by  the  value  of  these  or  other  assumptions  to  simplify  the 
problem  and  by  means  of  comparatively  simple  calculations  to  evaluate  the  influence 
of  eonpressibillty  on  the  flow  around  a  body.  These  Include  methods  by  L.  Prandtl, 
S.  G,  Nuzhln,  G*  F.  Burago,  A.  N.  Sherstyuk,  and  others. 


The  considered  below  simplest  method  of  evaluating  the  influence  of  compress- 
iblllty  in  two-dimensional  subsonic  flow  will  be  used  in  those  cases  wher  the 
disturbance  of  the  flow  can  be  assumed  weak. 

We  shall  select  a  system  of  coordinate  axes  so  that  the  x-axis  is  directed  by 
the  speed  of  undisturbed  flow,  and  the  y-axis  is  normal  to  the  speed. 

After  designating  by  c'  and  correspondingly  u’  and  v*  the  additional  speeds, 

caused  by  any  other  di';>turbance  of  flow  (thus,  for  example,  influence  of  stream¬ 
lined  body),  we  shall  present  the  speed  at  certain  point  of  a  disturbed  flow  in 
such  a  form: 

es=c^-f-e',  or  c  = 

Here  we  assume  that  Voo  •*0,  since  the  flow  at  infinity  is  parallel  to  x-axis 
(c^>»u««).  By  assuming  further  that  u*  and  v*  are  small  magnitudes  of  order  A 


%r9  COM  to  the  oonolusion  that  the  derivatives 
’  da  do*,  dll  |?fL- 

dT^ST’  W'~^¥  *  dy 

have  the  same  order  A  *  After  having  evaluated  terms  appearing  in  equation  (3-6)^ 


we  shall  ilnd: 


tdisre  A  and  A*  are  small  magnitudes,  having  an  order  A  or  A*  . 

An  evaluation  of  the  termsj  appearing  in  equation  (3-6),  makes  it  possible  to 
simplify  this  equation,  if  we  disregard  tennS|  whose  order  of  smallness  is  higher 


than  A  .  After  the  Indicated  slorpllflcatlons  we  obtain: 


or  for  a  potential  flow 


<i-*On+S-=®. 


0-«L)y?+i^=0-  (3-19) 

Thus,  the  discussed  method,  proposed  by  L*  Prandtl,  is  founded  on  the  assumption 
that  the  deviation  of  speed  of  disturbed  flow  from  the  speed  of  the  undisturbed 
flow  0  »  u  Ml.  is  so  small  that  the  degrees  of  the  indicated  deviation  higher 

than  the  first  can  be  ignored.  The  equation  for  potential  of  speed  (3-19)  in 
distinction  from  (3-7)  is  a  linear  differential  equation,  therefore  the  method  of 
small  perturbations  is  brought  about  by  the  method  of  linearisation.  The  considered 
method  may  give  satisfactory  results  in  oalculatixig  the  flow  around  thin  slightly 
curved  airfoils  located  at  small  angles  to  direction  of  speed  of  undisturbed  flow, 
and  also  in  investiatlng  flow  in  channels  with  a  small  curvature  of  the  confining 
walls.  We  note  that  near  the  branching  points  of  flow  (critical  points  on  s^.u'face 
of  streamlined  body)  the  basic  assumption  of  method  is  not  valid,  since  in  these 
regions,  flow  is  stagnated  and  magnitude  in  change  of  speed  is  commensurable  with 
the  speed  at  Infinity. 

to/ 

Bq[uation  (3-19)  at  subsonic  speeds  can  be  reduoed/equation  (3-8)«  which  deter¬ 
mines  the  potential  of  spaed  of  flow  of  an  incompressible  fluid.  Actually,  we 
shall  oompare  the  considered  subsonic  flow  of  gas  with  flow  of  an  incompressible 
fluid,  by  assuming  that  the  speed  and  density  of  both  flows  at  infinity  will  be 


(3-18) 


identical.  Lei  us  assume  that  the  potentials  of  the  speeds  of  flovrs  being  com¬ 
pared  are  associated  by  the  relationship 

♦  ===«**•  (3-20) 

hTe  shall  designate  coordinates  of  points  of  flow  of  an  incompressible  fluid 
9^and  y{{.  Vlh  shall  assume  further  that  between  coordinates  x,  y  and  x^,  y^  there 
exists  a  dependence  of  following  form: 


¥  X 


For  eiiApllflcation  it  is  possible  to  assume  x  »  x^j  then 


,  (3-21) 


W(B  now  substitute  relationships  (3-20)  and  (3-21)  into  equation  (3-19): 

It  follows  from  this  that  if  we  take 

(3-i2) 

then  equation  (3-19)  will  be  transformed  to  the  form: 

djr» 

Squation  (3-Sa)  in  the  new  variables  coincides  with  equation  (3-8)*  By  using 
the  obtained  relationships,  there  readily  is  found  a  connection  between  parameters 
of  the  two  flows  being  compared* 

Let  us  consider  the  flow  around  one  and  the  same  body  by  a  flow  of  an  incom¬ 
pressible  fluid  and  a  flow  of  gas.  We  shall  designate  with  a  and  a  the  angles 

H 

of  slope  of  small  sections  of  streualines  (Fig*  3-5).  By  bearing  in  mind  that  in 
accordance  with  basic  assumption  of  method,  these  angles  are  small,  we  shall  find: 

^  a  ^  \  *  (3-23  ) 

In  an  ideal  fluid  one  of  the  streamlines  coincides  with  the  contour  of  body. 
At  the  boundary  line  of  flow  there  must  be  fulfilled  the  condition 


or  according  to  (3-23) 


in  ' 
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Klg.  3-5*  Stream  lines  in  a  flow  around  an  airfoil  by 
flow  of  gas  (dotted  line)  and  on  incompreaeible  fluid. 

In  considering  that  the  speeds  at  infinity  are  identical^  we  find  that  the 

d4> 

Indicated  condition  is  observed,  if  v  *  or  ^  basis  of  relation¬ 

ships  (3-20)  and  (3*^2)  we  establish  that  in  considered  case  sOr^l,  or 

The  ratio  of  the  longitudinal  components  of  the  speed  in  the  two  flows  being 


compared  la  equal  to: 


dx  ^*1 


(3^4) 

For  comparison  of  distribution  of  pressures,  it  is  sufficient  to  compare 
pressure  gradients  in  both  flows,  since  earlier,  it  was  assusoed  that  x  x  j|  and, 
consequently,  ratio  of  the  finite  differences  of  pressures  is  equal  to  the  ratio 


of  the  gradients 


dp  dx  tp 


dx  dp^  • 

On  the  basis  of  the  equation  of  momentum  (2-1)  the  pressure  gradients  in 
compressible  and  incompressible  fluid  will  be: 

dx  •dx’  dx  ~  ft  X* 

then 

Ap  fe  de 

or  with  a  consideration  of  formula  (3-14)  ...  .  . 

JL  f  d{c^  +  d) 

p,  de^  Cgg  +  c’^  <t  (c^  +  ^1) 

where  o',  e'  ,  as  previously,  are  additional  speeds  (small  magnitudes),  caused 
n 

by  disturbance  Introduced  by  streamlined  body. 

After  corresponding  transformations  finally  we  obtain: 


I 


(3-25) 

From  formulas  (3-24)  and  (3-25)  it  follows  that  in  the  flow  around  one  and 


the  eame  bod/  b/  a  gas  the  speed  and  difference  between  pressures  Is  greater  than 
in  the  case  of  a  flow  around  by  incompressible  fluid. 

This  difference  between  flows  of  gas  and  an  incompressible  fluid  can  be  explain¬ 
ed  by  the  dependence  of  the  density  of  gas  on  the  speed  (See.  2-U)»  In  Fig.  3~5 
there  ai’e  shown  streamlines  during  flow  around  a  body  by  a  compressible  and  inoom- 
presslble  fluid  with  identical  parameters  and  speed  c  oo  of  the  nonperturbed  flow. 

Another  simplification  of  the  original  equations^  based  aloo  on  the  assumption 
on  weak  disturbance  of  a  flow,  was  given  by  A.  N.  Sherst/uk,  idio  had  developed  a  sim¬ 
plified,  but  more  accurate  method  of  calculating  the  influence  of  oompresslbllity. 

For  evaluating  the  Influence  of  compressibility  in  a  weakly  disturbed  two-dimen¬ 


sional  flow  with  subcrltical  speeds  shall  use  the  equation  of  eontl- 

nulty(i.22),  after  writing  it  out  for  a  two-dimensional  steady  motion  of  a  gas: 


and  also  ws  use  the  condition  of  absence  of  vortexes  (3-1)  for  a  two-dimensional  flow. 
In  this  case  from  formulas  (1-6)  ws  obtain: 


(3-1*) 


We  now  consider  the  flow  around  a  wing  profile,  shown  in  Fig.  by  a  two- 
dimensional  gas  flow. 

By  following  A,  N.  SherstyxUc,  we  convert  in  the  equations  (3-26)  and  (3-la) 
from  speeds  u,  v  of  a  flow  of  compressible  fluid  to  speeds  in  the  flow  of  an  incom¬ 
pressible  fluid  U({,  v^  after  assuming 

'•“‘(t)’-  ^3-27) 

Here  the  exponent  9  is  determined  on  the  basis  of  simplified  associations 
corresponding  to  the  assunqptlon  on  a  small  disturbance  of  the  flow;  p  is  the 
density  at  a  given  point;  is  the  density  of  an  undisturbed  flow. 

As  has  already  been  noted  above,  in  accordance  with  method  of  small  disturb¬ 
ances  it  is  possible  to  assume: 

«— +  <  I;  (3-28) 


^-<1. 


(3-28a) 
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For  «n  inoompresBible  fluids  analogous  sifflplifloatlona  ara  valid: 

M'l‘  i  -  I,  >  •  '  , 


(3-29) 


».*="«•  Z 


In  using  those  relationships,  by  substituting  (3-28)  into  equations  (3-2?)  and 
(3-5a)  snd  by  discarding  terns  of  second  order  of  smallness,  there  readily  is 


obtained : 


I— e*M*o^*  * 

I  n 


(3-30) 


In  order  that  equations  (3-30)  are  reduced  to  equations  of  continuity  and  a 
lack  of  vortexes  for  an  incompressible  fluid,  it  is  sufficient  to  assume,  as 
previously,  a  connection  between  coordinates  in  a  compresslbls  and  an  incompressible 
fluid  (3-22)5  A  = 


and,  besides,  to  assume: 


(3-31) 


Actually,  after  substituting  (3-22)  and  (3-31)  into  equations  (3-30)  we  find: 


—57“®- 


(3-32) 


'  It  follows  from  this  that  the  speeds  and  actually  are  local  speeds  in 
the  flow  of  an  Inocupresslble  fluid  during  flow  around  the  same  body  at  same  angle 


of  attack. 


For  determining  speeds  during  flow  around  a  body  by  a  compressible  fluid  it 
is  necessary  at  first  to  calculate  field  of  speeds  in  the  flow  of  the  Incomprees- 
Ible  fluid  with  the  same  magnitude  and  in  the  same  direction  of  spaed  of  the 
undisturbed  flow  (Og^  “  )*  Here,  the  local  dimensionless  speed  x  at  an 

arbitrary  point  of  flow  will  be;  -jprj 


The  dependence  fl  •=  f  (a*%)  is  presented  in  Fig.  3-6.  From  this  graph  it 
follows  that  coefficient  6  can  be  considered  approximately  constant  at  numbers 
The  sharp  increase  in  0  at  large  A  ••  stipulates  the  nonvalidity  of 


the  considered  method  in  this  region. 


I 


mm 
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Fig.  3-6*  The  dependence  of  the  exponent 
on  the  dimensionless  speed  Am.  ^ 

The  connection  between  speeds  in  a  compressible  and  incompressible  fluids  by 


formula  (3'>27a)  for  different  speeds  of  incident  flow  is  sh^wn  in  Fig.  3-‘7*  With 
an  increase  in  A  ,  the  speed  in  the  flow  of  a  compressible  fluid  at  a  given 
point  of  a  streamlined  body  intensively  Increases  in  comparison  with  the  speed  in 
an  incompressible  fluid. 

We  shall  establish  now  a  connection  between  pressure  coefficients  in  incom¬ 
pressible  and  compressible  fluids: 

Fbom  the  Bernoulli  equation  for  an  incompressible  fluid 

we  find  the  pressure  coefficient  in  the  following  form: 


2  iPfi  An) _ ) 


(3-33) 


For  a  compressible  fluid  the  pressure  coefficient  is  determined  by  formula 
(3-l6).  In  expressing  p  in  terms  of  the  dimensionless  speeds  A  and  Att«f  we  find 


7? 


(3-34) 


By  using  formulAS  (3-27a)»  (3-33)  and  (3-34),  there  can  bo  obtained  a  connec¬ 
tion  between  pressure  coefficients  In  compressible  and  incompressible  fluids 
and  .  This  connection  is  presented  in  Fig.  3-6  and  3-9*  Here,  there  is  shown 
the  dependence  between  p  and  p^  for  different  values  of  X  Curves  In  Fig*  3-6 


yig.  3-7*  The  relationship  between  dinensionless  speeds 
in  compressible  and  Incmupresslble  fluids  according  to 
A.  h.  Sherstyuk. 

are  useful  for  converting  positive  values  of  pressure  at  the 

considered  points  on  surface  of  the  body  is  higher  than  the  pressure  of  the  Inci¬ 
dent  flow.  The  graph  in  Fig.  3-9  is  used  for  converting  negative  values  of  p^j. 

The  dotted  line,  limiting  the  diagram  p  *  f(15jj)  ^“noin  above,  corresponds  to  values  T» 
at  which  Xa>  1.  Ih  other  words,  this  line  determines  the  crLtlcal  values  of  (Bmensicnless 


Flg<  Rslailonshlp  between  positive  pressiu'e 

coefficients  in  a  compressible  (p)  and  inoompress> 

Ible  (p^)  fluid  at  different  X  oo  • 

apsod  dt  incident  fLcw  =  M  depending  on  p  or  on  p^j  and  thereby  limits  that  region  of 
magnitudes  ’which  there  may  be  made  a  calculation  of  in¬ 

fluence  of  compressibility  by  considered  method. 

In  Pig.  3-10  there  is  presented  a  cvirve  on  the  basis  of  data  of  a  well-developed 
theory,  establishing  the  dependence  between  minimum  pressure  coefficient  at  point 
of  enclosing  the  body  during  flow  around  it  by  an  incomoressible  fluid  p„  ,  and 
the  critical  number  ^  of  incident  flow.  The  curve  in  Fig.  3'’10  in  coordinates 
(pfj  min#  X)  reproduces  the  boundary  lineX*»  1  In  Pig.  3-10. 


rl 


f  .V  r  I  'l!  r:  \ : 


Fig*  3-9»  Rvlatlonshlp  between  negative  preeeure  ooeffiolente 
for  eonpreselble  p  and  Incot^preasiblei  fluids  at  dlfferantX«Q» 

The  formula  for  calculating  this  curve  am  be  obtained  from  (3-33)  by  means  of 
(3-27a).  Actually,  from  those  relationships  we  have: 

After  replacing  the  ratio  — -  (Table  2-1),  we  obtain: 

^  « 

^  *  .  .s=r 


After  assuming  ^  •  1  and  A  go  *■  we  find: 


,  Lf-JIL  ) 


(3-36) 


Thus,  If  there  Is  know::  the  distribution  of  pressures  along  contour  of  body  at 
low  speeds,  when  the  Influence  of  compressibility  can  be  disregarded  (distribution 
T^|)*  then, by  using  curves  In  Fig.  3-8  and  3-9,  there  readily  can  be  found  the 


distribution  of  pressures  at  high  subsonic  speeds  with  a  consideration  of  the 
compressibility.  As  can  be  seen  from  graphs,  the  influence  of  compressibility  is 


seen  in  the  fact  that  in  the  region  of  positive  values  p,  the  pressure  coefficients 


for  compressible  fluid  will  be  larger,  and  in  the  region  of  negative  val.ues-lower. 


than  for  an  incompressible  fluid. 


Consequently,  owing  to  the  compressibility, 
the  absolute  values  of  pressure  coefficient 
increase.  Here  the  regions  of  minimum 
pressures  becomes  steeper  and  they  are  ex¬ 
tended  (Fig.  3-4)^*  From  a  consideration 
of  Fig*  3-4  it  is  evident  that  with  an 


Fig.  3**10..  The  dependence  be-  Increase  in  M  the  area,  included  between 
tween  pressure  coefficients  ^ 

and  the  dimensionless  critical  the  curves  of  pressures  for  upper  and  lower 
speed  X». 

KBYt  (a)  surfaces  of  the  airfoil  increase.  Here, 


Fig.  3-11 •  Comparison  of  experimental 
and  calculated  pressure  coefficients. 

1 — after  Prandtlj  2 — after  S.  A. 
Khrietlanovlch}  3 — according  to  formula 
of  Karman-Toien  (3-37);  4 — after  A.  N. 
Sheretyuk;  S—experlmont 


« 

The  correeponding  graphs  of  change  of  pressure  coefficients  along  ali-foll 
and  blade  are  presented  in  Chapters  5  and  S, 


3 


obviously,  the  lifting  force,  with  an  increase  in  increases . 

All  conclusions  of  the  considered  method  are  well  verified  by  experimental 

data. 

A  comparison  of  experimental  and  calculated  values  of  p  at  point  of  upper  sur> 
face  of  wing  profile,  located  in  flow  at  a  small  angle  of  incidence,  is  shown  in 
Pig.  3-11.  The  airfoil  has  a  relatively  larger  thickness  and  curvature. 

For  comparison  in  Fig.  3-11  there  are  presented  also  the  computed  ovirves, 
corresponding  to  formula  (3-25)  by  L.  Prandtl  and  on  basis  of  more  accurate  for¬ 
mula  of  Karman-Tsien: 


The  coincidence  of  calculation  by  formulas  (3-27a)— (3-34)  and  by  formula 
(3-37)  with  the  experiment  is  entirely  satisfactory.  Significantly  poorer  are  the 
results  obtained  with  the  use  of  formula  (3-25). 


P- 


2(1  4- 


(3-37) 


3-4.  Theorem  of  W.  Te,  Zhukovskiy 

The  theory  of  the  force  effect  of  flow  of  an  ideal  fluid  on  streamlined  bodies 
is  based  on  the  well-known  theorem  by  K.Ye*  Zhukovskiy.  N.  Ye.  Zhukovskiy  establish¬ 
ed  the  vortex  origin  of  the  force  of  interaction  and  found  a  simple  conneeti.on  be¬ 
tween  this  force  and  the  Intensity  of  circulatory  flow,  generating  during  flow 
around  a  body.  This  problem  was  solved  by  N,  Ye.  Zhukovskiy  in  1906, 


Bbk; 


I 

a 


Pig.  3-12.  Diagram  for  proof  of  theorem  by  N.  Ye,  Zhukovskiy, 


For  proof*  of  theorem  by  Zhukovskiy  we  shall  use  the  diagrami  diown  In  Fig. 

We  shall  place  the  wing  airfoil  in  a  two>dimsnsional  flow  between  two  impermeable 
flat  control  surfaces,  oriented  along  flow  and  separated  from  each  other  at  a 
distance  h.  e  system  of  coordinates  xCy  will  be  placed  so  that  the  direction  of 
x-axls  coin  xiias  with  the  sense  of  the  vector  of  speed  of  undisturbed  flow  c^^  . 

At  an  infinite  distance  from  the  airfoil  we  shall  draw  sections  ab  and  cd,  normal 
to  the  direction  of  flow. 

In  assuming  that  the  airfoil  is  flowed  around  continuously,  and  by  applying 

theorem  of  the  variation  of  momentum  to  the  mass  of  fluid.  Included  within  volume 

abed,  we  shall  find  that  the  force,  directed  against  the  flow  and  the  8o~called 

a# 

drag  of  profile,  is  determined  by  the  formula  . 

=  !  (A  -  A)  dy  - 1  P,C,  (r,  -  f .)  dy. 

(A) 

Since  the  speeds  and  pressures  in  the  sections  ab  and  cd  are  Identical,  then 

P,^0. 

The  presented  result  was  obtained  for  the  first  time  by  L.  Euler  in  1745  and 
independently  of  him  in  a  more  general  form  by  d'Alembert,  It  may  seem  paradoxical, 
since  it  contradicts  experience.  However,  one  should  bear  in  mind  that  this  result 
is  obtained  on  the  assumption  of  the  absence  of  viscosity  and  separation  of  flow 
from  the  surface  of  a  streamlined  contour.  In  reality  always  to  a  certain  degree, 
both  of  these  factors  take  place. 

In  a  practical  respect  there  can  be  made  the  conclusion  that  one  should  make 
an  effort  to  obtain  those  shapes  of  a  contour,  with  which  thore  would  be  assured 
a  continuous  flow  around  and  the  minimum  effect  of  the  forces  of  viscosity;  in  this 

■‘‘'The  below  presented  proof  of  the  theorem  of  N.  Te.  Zhukovskiy  was  proposed  by 
-C.  F.  Burago. 

**The  considered  forces  we  refer  to  a  unit  of  length  of  wing. 

i 

f  i  ■'  . 

/i' 


o«se,  obviously,  rosistlng  force  will  bo  the  minimum. 


Ms  shall  find  now  the  magnitude  of  force  P  ,  normal  to  vector  of  speed  c  oq  « 

# 

This  force  is  called  the  lifting  force.  After  designating  in  terms  of  pressure 
on  the  lower  control  surface  and  in  terms  of  the  pressiure  on  upper  control 
«  obUini  J 

since  the  projection  of  the  speeds  along  the  impenetrable  control  surfaces  onto 
the  x-axla  is  equal  to  zero.  Consequently, 

^s=  0-38) 

—a# 

By  increasing  the  distance  h  between  the  wells  in  a  limiting  case  (at  h>^  oo) 
tre  will  receive  m  flow  around  a  body  by  infinite  flow.  the  flow  along  the 

walls  will  be  slightly  perturbed.  Speeds  of  such  a  flow,  as  is  known,  can  be 
presented  in  the  form  of  [formulas (3-28)]: 


^  =  + 


(3-28b) 


irtiere  o',  o' ,  are  small  additional  speeds  along  the  walls,  caused  by  Influence  of 
no 

streamlined  body. 

Pressure  at  an  arbitrary  point  of  a  perturbed  flow  is  associated  with  pressure 
at  infinity  by  Bernoulli's  equation: 

,t.*~  *  (c*  _ c*) 

r  fa,  ^  2*  ®  ^ 

which  under  the  usual  assumption  (a  slightly  disturbed  flow)  on  the  basis  of  (3-26b) 


will  bo  transformed  to  the  form:  f 


Pop  S  —  I 


k-  ‘'op®'- 


Hence,  by  bearing  in  mind  that  and  »  after  simple  trans- 

f  f w  Poo  ej, ' 

i 

(3-39) 

.s  ■ 


formations  we  find: 


or 


,<3-39») 


Equation  (3-39)  or  (3-39a)  is  valid  for  a  linearised  flow  and  is  called  the 
Bernoulli  linearised  equation.  Equation  (3-39a}  can  be  written  out  for  sections 


on  the  upper  and  lower  control  sturfaces: 


P»  Pa»  Pw  ^40  ^1* 

By  substituting  p„  and  p_  into  equation  (3-38),  ws  find;  4*0 

4-  ,  ,  =  J(^-cJdx. 

It  is  readily  seen  that  the  integral  f  (c^—c^dx  it  is  possible  to 

-8 

express  in  terms  of  circulation  of  speed  over  the  closed  contour  (Fig.  3-12). 


Actually, 


4.00 

since  ^  "f"  ^»)  ~  J  ^m)  *  a*  “ *  tit 


Consequently, 


^“Pao*’<?a.- 


(3-40) 


Formula  (3-40)  expresses  the  theorem  of  N.  Ta.  Zhukovskiy,  which  is  a  funda¬ 
mental  theorem  In  aerodynamics.  Theorem  of  Zhukovskiy  can  be  formulated  as: 


during  flow  ar 


UB!. 


flow  of  an  ideal  compressible 


fluid  onto  a  body  of  unit  span  there  acts  a  force,  equal  to  the  product  of  the  cir 


eulation  of  speed  r  by  the  speed  0  ••  and  by  the  density  poo  of  the  undisturbed  flow. 


The  direction  of  this  force  is  normal  to  the  direction  of  the  speed  of  undisturbed 

'O 

flow  0  .  Here  as  It  follows  from  the  conclusion,  if  the  circulation  Integral 

calculated  clockwise  along  the  outline,  proves  to  be  positive,  then  also  P  will 

J 

be  positive.  The  lifting  power  frequent  is  called  the  Zhukovskiy  force.  For 
determining  P  it  is  necessary  to  know  magnitude  of  circulation  integral,  which 

J 

is  calculated  on  the  basia  of  the  Zhukovskiy-Chaplygin  (Sec.  1-2)  postulate. 


3-5.  The  Two-Dimensional  Subsonic  Potential  Flow  of  a  Gas  in 


Curvilinear  Channels 


In  considering  a  two-dimensional  or  axially  symmetric  potential  motion  of  a 


gas  along  curvilinear  trajectories,  ve  shall  select  as  the  independent  variables, 
the  distance  along  the  streamlines  (S)  and  along  equipotential  lines  (n)  (Fig. 

3-13). 


.  iAif 


I 
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Fig.  3  -13.  Diagram  for  deriv¬ 
ing  equations  of  motion  in  a 
ourvlbiear  channel. 

We  shall  transform  the  equations  of  continuity  (1-14)  and  of  lack  of  vortices 
[third  equation  of  system  (3-1)]  in  the  new  coordinates.  For  an  elementary  volume, 
limited  in  plane  of  the  f '  gure  by  sectors  of  the  streamlines  A  S  and  A  S '  and  the 
equipotential  lines  An  and  An'i  the  condition  of  continuity  will  be  written  in 
such  a  formi  *  I 


or 


a  la  (per)  I  I  dAn 

~~3S — rAi-Ss 


0. 


where  r  is  the  radius  of  center  of  gravity  of  section  An  (Fig.  3-13fa).  Further, 


(  y  is  angle  of  the  streamline's  slope),  we  shall  present  the  equation  of  contl- 


i^nulty  in  such  a  form! 


aift(peO  I  dY  _  n 
5S  rsl  —  ''* 


Fn- 


(3-41) 


// 


The  condition  of  absence  of  vortices  trill  be  (Fig.  3-13): 

r.(e«)=o- 

After  differentiation  we  shall  obtain: 

ding  I  I  dAS _ 

”  in  'AS  d/I 

Since  (Pig.  3-13 j a) 


then  finally  we  obtain: 


aas 


d  In  c  Oy 

“3ir 


(3-42) 


Equations  (3-41)  and  (3-42)  are  valid  for  axisynnietrlcal  flows  of  a  compress¬ 
ible  fluid.  For  two-dimensional  problems  these  equations  are  simplified  and  are 


reduced  to  the  following  form: 


dln(pc)  ,  dt  _n. 
“15 - — 0. 

dinff  dt _ .ft 


(3-41a) 


The  obtained  equations  make  it  possible  by  the  most  simple  methods  to  calculate 
flow  of  gas  in  a  two-dimensional  or  axially  symmetric  curvilinear  channels'*'.  For 


this  purpose  ,it  is  necessary  to  find  the  distribution  of  the  speeds  along  equipo- 
In  the  channel. 

pproximate  determination  of  the  length  of  equipotentlal  lines  in 
channel  there  are  inscribed  circles  (Fig.  3-13|b),  tangent  to  walls  at  points  A 
and  B.  Through  points  of  tangency  there  is  drawn  an  arc  of  the  circle,  normal  to 
walls  of  channel,  idilch  approximately  gives  the  length  of  an  equipotentlal  line. 

Such  a  method  of  determining  the  lines  o  »  const  is  valid  only  when  their 
curvature  is  small. 

The  ei..  ttlons  of  continuity  (3-41)  and  (3-41a)  show  character  of  variation  of 
angle  of  slope  of  speed  vector  in  cro88-*sectlon  of  channel,  and  the  equation  for 
the  absence  of  vortices  makes  it  possible  to  formulate  the  condition,  which  the 


..diagram  of  speeds  must  satisfy  on  any  streamline,  inoD.udlng  also  on  walls  of  channel: 


r  dc  dt 


*The  calculation  under  discussion  of  flow  in  channels  was  worked  out  by  S. 
Samoylovich  and  A.  N.  Sherstyuk. 


.HI 


For  finding  of  the  distribution  of  speeds  along  the  lines  d>  *=  const  we 
shall  use  equation  (3-/(2),  after  replacing 


irtiere  X  Is  the  curvature  of  streamline. 

Rs 

Then  ie  , 

Tn^'-Ts- 

2 

Vfe  multiply  both  sides  of  this  expression  by  the  trinomial  +  n  4  I&i  and 
then  add  to  it  the  magnitude  * 

After  simple  transformations  we  find; 

i(.(R„+«  +  W)|=-c(il±^-l-2«4 
The  left-hand  aide  of  this  expression  vanishes  at  n  ■>  0;  the  constant  k  can 

be  selected  in  such  a  manner  that  the  derivative 

is  equal  to  lero  also  at  R^^  ■■  (^^8*  3~‘13«b).  In  this  ease  It  differs  little 

from  sero  and  at  all  points  of  the  lines  4>  •*  const.  This  condition  means  that 
law  of  variation  of  speeds  along  line  d>-  const  will  bet 


or 

where 


sss  const, 

*■1  I  +  n  — AfiW*  ’ 


(3-43) 


The  variation  of  speeds  along  boundaries  of  channel  Is  established  by  means 
of  formula  (3-43 )>  valid  also  for  a  compressible  fluid.  The  oondltlon  of  constancy 
of  flow  through  the  channel  serves  as  the  original  oondltlon. 

At  small  numbers- H  <  0.4*  when  the  influence  of  oonprossiblllty  oan  be  Ignored, 

- . . 

^volumetric  flow  of  fluid  through  a  plane  channel  will  bet 

^  3 . 1 

^  f  edn.  i 
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Bwans  of  formula  (3-43 )»  after  integration  vre  obtain; 

as=:-^«-^= 

n*  yiinxT  "  « -  2/f ,«*/( I  +  y  rT4A:7)  ‘  (3-44) 

Hero  Cj^  is  the  average  speed  in  section  of  channel;  is  the  speed  at  a 
point  on  a  convex  wall. 

For  convenience  in  calculating  in  Fig.  3-14  theie  is  presented  a  graph  of  the 
relationship  5  *»  ^  (ng»  x),  expressed  by  formula  (3-44). 

In  the  case  of  an  axiallj  symmetric  channel  the  volumetric  flow  of  a  fluid 
is  determined  by  the  formula  Qs=2%  (R^cdn. 


Fig.  3-14.  Graph  of  dependence  8  on  n^  and  x . 
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In  simplifying  the  solution  of  problem^  It  Is  possible  to  assume  a  linear 
connection  between  R  and  n:  ~ 

Qy  analogy  with  formula  (3-44)  there  can  be  obtained^: 


/C,=  l 


(3-45)  ' 


The  calculation  of  axially  symmetric  channels  is  considerably  simplified  by 
using  the  graphs^  presented  in  Fig.  3-15* 

The  above-presented  formulas  (3-44)  and  (3-45)  are  valid  for  «wneii  m  numbers 
(Incompressible  fluid).  However^  law  of  distribution  of  speedsy  expressed  by  for¬ 
mula  (3-43 )y  can  also  be  assumed  for  a  compressible  liquid  in  the  same  form: 

^  1+71  — ic,n*  *  (3-43a) 

The  weak  influence  of  compressibility  on  the  diagram  of  speeds  in  cross-section 
is  explained  by  the  fact  that  the  condition  of  irrotational  motion,  used  for  obtain¬ 
ing  (3-43 )»  does  not  contain  density, 

A  marked  change  of  curvature  of  streamlines  and  of  the  distribution  law  of 
speeds  in  a  cross-section  is  noted  only  at  high  dimensionless  speeds  and  significant 
gradients  of  apeeds  along  the  channel. 


Ilg*  3-15*  Graph  of  dependence  s  on  n^  and  x. 


*  Formulae  (3-44)  and  (3-45)  are  valid  if  the  internal  and  external  walls  of 
,a  channel  have  a  curvature  of  one  sign. 


In  a  >dde  range  of  subsonic  speeds  (M  ^  H^)  the  calculation  of  the  channel  with 

\ 

a  consideration  of  the  compressibility  can  oe  made  by  means  of  introducting  the 
average  density  in  the  given  section.  On  the  basis  of  method  of  small  disturb¬ 
ances  by  A.  N.  Sherstyuk  it  has  bean  shown  that  the  average  reduced  flow  rate  in 
a  section.  Is  equal  to:  ' 

e 

where  ti  ie  the  mass  flow  rate  and  G*  the  critical  flow  rate  of  a  gas  through 
a  given  section,  associated  with  the  average  speed  and  density  by  the  relationship 


(Pm’  average  density  and  dimensionless  speed  for  the  section).  Ihe  aver¬ 
age  density  readily  can  be  determined  by  by  means  of  tables  of  gas- 

dynamic  functions.  Speeds  with  a  consideration  of  the  couipressibility  can  be 
determined  by  the  simple  formula:  (<:  and  c^  are  speeds,  determined  without 

a  calculation  of  the  compressibility). 

The  above-shown  method  ie  useful  for  calculating  different  ehannelSf  for  example, 
ohannels  of  turbomachine  cascades.* 

3-6.  IVo-Diaensional  Supersonic  Flow 

let  us  turn  to  the  study  of  basic  properties  of  a  two-dimensional  supersonic 
flow.  For  this  purpose  let  us  consider  simpleat  case  of  a  steady  uniform  super¬ 
sonic  flow  moving  with  a  constant  speed  along  the  wall  BA  (Pig.  3-3.6).  Let  us 
assume  that  along  the  normal  to  the  wall  BA  the  speeds  also  do  not  change.  At  point 
A  of  this  wall  there  appears  distui'banoe  of  the  flow,  caused  by  a  change  in  direct¬ 
ion  of  wall  by  a  email  angle.  Owing  to  smallness  of  the  angle  dj  disturbance  of 
point  A,  expressed  in  the  variation  of  parameters  of  flow  (the  pressure  and  temper¬ 
ature  decrease, the  speed  increases),  msy  be  considered  weak. 

It  is  readily  seen  that  in  a  supersonic  flow  the  disturbance  can  be  propagated 

a  ' 

See  Sec.  8-2,  i 

I  .  .  .  .. 

'  -  ■  f  .  N.  'f'  li>  : 

9.V 


only  in  the  direction  of  flow,  since  the  speed  of  the  motion  of  particles  of  gas 

>  I 

is  higher  than  the  speed  of  propagation  of  weak  disturbances  (c^>  a^^).  The 
disturbance,  appeai'ing  at  the  point  /,  is  carried  along  the  flow,  where  a  certain 
line  ^  serves  as  the  boundsury  between  two  different  regions  of  flow:  to  the 
left  of  lino  An  there  is  located  the  undisturbed  region  of  flow,  but  to  the  right 
of  this  line  the  flow  is  disturbed  by  a  change  in  direction  at  point  A, 

Thus,  the  line  ^  is  the  boundary,  separating  undisturbed  part  of  flow  from  dis¬ 
turbed.  Since  in  considered  case  it  is  a  matter  of  a  weak  disturbance,  then  this 
lino  is  called  boundary  of  weak  or  sonic  disturbances,  a  weak  wave,  a  ehar- 
ftcteristie  or  a  Maeh  line.  Here  we  have  in  mind  that  any  weak  disturbances  of 
the  flow  are  propagated  with  the  speed  of  sound  (Chapter  2). 

Heohanism  of  the  propagatlcm  of  weak 
disturbances  can  be  analyzed  more  specifi¬ 
cally,  by  considering  another  continuous 
effective  source  of  the  disturbance  in  a 
two-dlmeneional  infinite  eupersonle  flow. 
Such  a  source  of  weak  disturbances  might 
be  a  fine-pointed  body  of  infinite  span 
%dth  very  small  aperture  angle  of  Aront  wedge  (Fig.  3-17).  The  amall  variations  of 
parametera  of  flow  created  by  the  body  are  propagated  with  the  epeed  of  eound  aj^, 
while  the  speed  of  flow  incident  to  body  ie  C3>aj^« 

The  waves  of  disturbance  are  oircular  infinite  cylinder  a,  whose  radius  is  readily 
determined  as  a^^  At,  where  At  is  the  time  interval,  calculated  from  moment  of 
onset  of  oonsldered  wave  at  point  A.  During  the  same  time  Interval  the  particles 

I 

traverse  a  path,  e({ual  to  O]^  At.  Consequently,  the  center  of  observed  wave  is 
transferred  to  a  new  position  With  a  continuous  flow  around  body  at  point  A 
In  aucoasoioa  there  will  form  an  infinite  number  of  waves,  moving  in  the  direction 
of  flow.  Since  the  speed  of  the  flow  is  o^>a^,  then  the  lator-formed  waves  will 


Fig.  3-1^.  Flow  round  corner 
point  by  superaonic  flow. 


lag  from  the  preceding,  where  the  entire  family  of  waves  has  two  common  tangents. 
Am  and  proceeding  from  point  A. 

‘This  is  readily  verified  by  finding  the  relationship  between  radii  of  wave, 


and  the  displacement  of  its  center;  =  , .. 

AA^  C^at  JVi 


:sina„, 


where  e  ^  is  the  angle  of  slope  of  the  tangent  to  sense  of  speed  vector  c^. 

The  appearance  of  lines  Am,  Am^  can  be  assumed  as  the  result  of  the  continuous 
weak  (sonic)  disturbances  of  the  flow;  they  stationarily  are  associated  with 
source  of  disturbances  (tip  of  body). 


Fig.  3-17 •  flow  around  of  thin-pointed  body 
by  supersonic  flow. 

Mlth  the  intersection  of  such  a  wave,  the  particle  of  gas  experiences,  a 
change  of  all  parameters:  pressure,  density,  temperature  and  speed.  However,  in 
oonneotlon  with  the  smallness  of  the  disturbance  these  changes  are  Infinitesimally 
small.  In  the  considered  case  of  flow  around  a  sharp  tip  of  body  there  occurs  an 
Insignificant  compression  of  the  flow  and  the  pressure  behind  the  waves  Am,  Ajd^ 
increases  by  a  small  magnitude  dp,  and  the  speed  correspondingly  decreases  by  do. 
Thersfore,  the  waves  Am,  Am^^  ar’e  called  weak  ocippresslon  waves. 

In  those  oases,  when  transition  through  wave  la  accompanied  by  an  expeuision 
of  the  flow  and,  consequently,  by  a  decrease  In  pressure  by  dp,  the  wave  is  called 
*  wave  of  rarefaction.  Sonic  waves  of  rarefaction  develop,  for  example, 


during  flow  aroimd  an  external  obtuse  angle  (Plg«  3-l6)  by  a  supersonic  flow.. 

From  a  consideration  of  flow  around  a  thin  wedge.  It  may  be  concluded,  that  In 
a  supersonic  flow,  there  will  be  formed  characteristics  of  two  families,  located  at 
an  angle  4a  to  the  vector  of  speed  at  the  given  point* 

From  the  formula  «.„=rt:arcsin“ 


It  follows  that  in  accelerated  supersonic  flow  angles  of  the  characteristics  in 
direction  of  flow  decrease,  but  in  diffuser  flow  they  grow.  Hence,  it  Is  possible 


Fig.  3*18*  Weak  waves  in  two-dimensional  flow 
with  a  nonuniform  field  of  speed. 

also  to  conclude  that  with  a  change  of  speeds  in  transverse  direction  to  the  flow 
the  characteristics  acquire  a  curvilinear  form. 

Thus,  if  along  the  normal  to  streamlines  the  speeds  increase  the  characterise 
tie  by  convexity  is  turned  towards  undisturbed  region  of  the  flow  (Fig.  3-'13).  If, 
conversely,  the  speeds  In  the  direction,  normal  to  wall,  decrease,  then  oharacter- 
istlc  by  convexity  is  tui^ned  toward  the  disturbed  region  of  flow.  With  a  complex 
nonuniform  dlstrlbutlonof  the  speeds  in  flow  the  characteristics  may  acquire  also 
a  more  complex  form. 

Let  us  turn  now  to  the  study  of  finite  disturbances  of  a  supersonic  flow.  Here 
we  shall  consider  at  first  only  those  disturbances  which  cause  a  continuous 
variation  of  the  parameters  of  flow. 

Let  us  assume  that  along  ^  uniform  supersonic  flow  moves, 

(Pig.  3-19).  Beyond  point  A  gas  enters  into  a  region  of  lower  pressure  (p^  <  p^^). 
Here,  the  flow  is  deflected  from  the  direction  of  wall  BA,  by  being  turned  at  a 


certain  angle  with  respect  to  point  A  towards  the  lower  pressure.  The  disturbance, 
created  by  point  A,  is  propagated  ^  supersonic  flow  along  the  characteristics 


Fig.  3-19.  Diagram  for  forming  a 
wave  of  rarefaction  during  flow 
around  angle  bj  supersonic  flow. 

•  •  •  f  A]ii2>  forming  a  stationary  wave  of  rarefaction  mj^Am2> 

The  disturbance  of  the  supersonic  flow  begins  in  characteristic  Am^;  slope 
angle  of  wave  Am^  to  direction  of  undisturbed  flow  is  determined  by  the 
fonnula  «  arcsln  >.  The  disturbance  is  concluded  on  line  Am^;  position  of 
this  characteristic  can  be  determined  if  the  soeed  of  disturbed  flow  is  known: 

Between  the  characteristics  Am^  and  Am^  there  occurs  an  expansion  of  the  gas 
from  p^  to  P2*  intersection  of  the  wave  of  rarefaction,  the  streamlines 

correspondingly  are  distorted,  since  during  a  flow  around  point  A  the  flow  expands. 
The  speed  of  flow  increases,  and  temperature  and  density  decrease.  Ihe  eharaeter-* 
riptles  Amj^  Aai^,  et  cetera, correspond  to  intermediate  points  of  the  streamline 
within  the  limits  of  the  wave  of  rasefaotlon}  along  each  eharaoteristlc  the 
parameters  of  flow  remain  constant.  The  angles  between  characteristics  and  tan> 
gents  to  streasUnes  in  the  direction  of  flow  decrease: 

•  Cl  a 

In  considering  the  gradual  transition  to  parameters  of  the  disturbed  flow 
and  with  infinitesimally  small  intervals  and  4p  within  the  limits  l)etwsen 
Am^  and  Ao^,  it  la  possible  to  construct  an  infinite  number  of  eharaoterlsti.es, 
eompiising  a  stationary  wave  of  rarefaction  of  finite  intensity.  Intensity  of 
wave  m^Am2  varies  with  a  change  in  pressure  p2.  Here,  if  the  parameters  of  an 


undisturbed  flow  remain  constant,  characteristic  Am^  maintains  its  former  position, 
and  the  characteristic  Am^  ia  transferred  depending  on  the  change  in  p^*  With  an 
increase  of  P2,  the  characteristic  Am^  approaches  Am^  and  at  p^  p^^  both 
characteristic  coincide  (weak  disturbance  of  flow). 

Ms  shall  establish  the  dependence  between  parameters  of  flow  at  the  boundaries 
of  wave  of  razH»f action •  For  this  purpose  we  shall  use  fundamental  equations  — 
of  a  two-dimensional  flow  —  Euler  equations,  bearing  in  mind  that  parameters 
of  flow  along  characteristics  do  not  change,  the  indicated  equations  are  used  in 


cylindrical  coordinates. 

For  a  two-dimensional  steady  motion  of  gas^  equations  (l-17a)  and  (1-14)  in 
coordinates  (r,  ®  )  acquire  the  form*;  “== — 


dc. 


c.  dtt 


I  dp 


e  ‘a.  '  •  ' 

*  dr  •  r  55"*  f  **  ”"  f  /'<>0  ’ 

*Cyg,)  ,  d(pc,) 


rr-=o. 


(3-46) 


dr  +  iXi 

In  considering  the  simplest  case,  when  the  undisturbed  flow  before  the  wave 
of  rarefaction  has  a  uniform  field  of  speeds  and  characteristics,  which  form  the 
wave  of  rareihetlon,  are  rectilinear  »  it  is  possible  to  assume  that  ths  parameters  of 
flow  maintain  constant  values  along  any  radius  within  limits  of  a  wave. 

Kathematlcally  this  condition  can  be  written  out  as: 

dr  dr  dr 

Then,  in  the  equations  (3-46)  it  is  possible  to  convert  to  a  total  derivative. 
After  slmplifloatlons  we  obtain: 

dc, 

■rfT*  (3-46a) 

Equation  (3-46o)  expresses  in  polar  coordinates  the  condition  of  a  two- 


(3-46c) 


dimensional  irrotational  flow. 

Actually,  from  the  third  eqiuatlon  (1-19),  in  assuming  ■■  0,  there  readily 
*  The  influence  of  body  fcrcos  is  Ignored. 


Is  obtalnsd  formula  (3-46c} 

Hones,  wa  arrive  at  the  conclusion  that  during  a  flow  around  the  angle  point 
A  the  flow  remains  potential  and  irrotational,  and  consequently,  also  the  entropy 
of  flow,  intersecting  the  wave  of  rarefaction,  is  kept  constant. 

The  conmon  solution  of  equations  (3-46b)  and  (3-46c}  makes  it  possible  to 
establish  still  one  important  property  of  supersonic  flow, 

Vb  shall  substitute  in  (3*’46b)  the  derivative  of  the  density: 


Ely  discarding  from  (3-46b)  and  (3~46c)  ,  we  obtain: 


The  latter  means  that  the  deflection  of  flow  in  a  wave  of  rarefaction  occurs 
in  such  a  manner  that  the  component  of  speed,  normal  to  radius  vector,  is  equal 
to  the  speed  of  sound  at  the  given  point. 

This  conclusion  may  be  obtained  also  frem  an  analysis  of  picture  of  propagation 
of  weak  disturbances  in  a  supersonic  flow  (Fig.  3~19}»  It  follows  from  this  that 
the  usual  assumption  about  constancy  of  parameters  of  flow  along  a  radius  makes 
it  possible  to  consider  the  generation  of  a  wave  of  rarefaction  of  finite  Intensity 
as  a  result  of  a  progressive  expansion  of  flow  in  the  system  of  an  Infinite  set  of 
weak  (sonic)  waves  of  rarefaction. 

>iKb  shall  establish  now  how  the  speed  and  pressure  along  streamline  inter¬ 
secting  a  wave  of  rarefaction  vary.  For  this  purpose  we  shall  use  the  equation 


of  energy: 


by  bearing  in  mind  that 


c,=a, 


we  obtain: 


*-l.a 

- j-a  c, . 


iCf 

tfe  substitute  in  this  equation  ^hen  we  shall  obtain  a  diflerential 

equation  for  determining  radial  component  0.: 


t/i±rv~~7  ^ 


Qjr  integrating  the  lest  expression,  ve  arrive  at  the  equation 


arc  sin /n  ~  /n  (0 -j- /C), 

where 

-=l^- 

The  constant  of  integration  K  is  determined  frcm  the  boundary  condition. 

We  assume  that  at  9  ■  0  radial  component  of  the  speed  ■>  0;  this  means  that  we 
examine  the  expansion  of  an  undisturbed  flow,  having  a  speed,  equal  to  the  speed 

I 

of  sound  (  ■"  l)j  hence  K  *  0. 


Finally,  we  obtain: 


sin(m9). 


The  eonponent  of  speqd  O0  is  determined  by  the  equation 

The  dimensionless  speed  A  at  an  arbitrary  point  of  wave  of  rarefaction 
1*  sa  +  ij  *=  sin*  (wO)  4-  cos*  (mO), 


1*  =  1 4.  sin*  (mO). 


(3-47) 


For  determining  the  pressure  at  the  same  j^olnt,  we  shall  use  the  equation 
Hence,  after  substituting  A  from  (3-47)  we  obtain: 


^  — r  i  +  coi(2m<)  I?— I 

P9  [“  r+i  .  j  • 


(3-48) 


In  using  formula  (3-47)  or  (3-48)  and  by  bearing  in  mind,  that  in  a  wave  of 

rarefaction  the  process  is  isentropio,  it  is  possible  also  to  calculate  the  change 

f  r 

in  density  and  teaq;>erature  in  a  wave  of  rarefaction:  and 

Formula  (3^7)  shows  that  the  limiting  value  of  angle  9  1 

iin*(m9  )=1, 


1(1 


'  M/'Kf 


(3-49) 


4  —  *  l/*+j  *  • 

*■«—  2  r  r=n“* 
corresponds  to  the  maximum  speed 

In  this  case  during  the  flow  around  an  angle,  the  flow  acquires  a  pressure 
■■  0  (escape  into  vacuum),  tfe  note  that  in  such  a  regime,  the  direction  of 
boundary  characteristic  coincides  with  direction  of  streamline  of  the  deflected 

n«.,  .me 


It  must  be  eiq>haalzed  that  the  considered  reglos  of  flow  ib  a 

theoretical,  limiting  regime. 

The  second  limiting  regliuB  of  flow  round  the  angle  point  corresponds  to  the 
value  of  speed  X  >■  1.  Here  9  »  0  (sonic  flow  with  Infinitesimal  change  of 
pressure  at  point  A). 

Eq:uations  (3>47)  and  (3-48)  are  api^oabls  also  for  other  supersonic  values 

of  the  speed  before  a  wave  of  rarefaction,  larger  than  unity,  but  here  Initial 

angle  of  reading  is  determined  by  the  formula _ 

•,  *=  -JS”  arcsin  ^ (1»  -  i) 

and  line  of  reading  is  placed  not  perpendicularly  to  the  direction  of  undieturbed 

flow,  but  at  an  angle  Sd-eM.  to  it. 

Of  great  practical  Interest  la  the  possibility  of  determining  the  shape  of 

streamline  within  the  limits  of  a  wave  of  rarefaction.  For  the  solution  of  this 

problem  it  is  possible  to  use  the  differential  equation  of  streamlines  of  a  two** 

dimensional  flow  in  polar  coordinates 

dr  ^  rdi 

In  using  formula  for  1,  and  we  obtain: 

^inrzsa  v(mO)  dH. 

After  integration  we  obtain  the  expression 


rs=i',{cos(/n9)]  ' 


(3-50) 


J6i 


ifhera  r  is  the  radius  vector  of  streanllne  at  6  **  0. 

Ttcbx  equation  (3-50)  it  follows  that  all  the  streamlines  within  the  limits 
of  the  wave  of  rarefaction  are  a  system  of  similar  curves;  the  distance  between 
neighboring  streamlines  in  accordance  with  basic  properties  of  supersonic  flow 

1 

increases  in  the  direction  of  the  flow. 

As  has  already  been  indicated,  the  flow  around  an  angle  point  by  a  supersonic 
flow  is  potential.  Components  of  the  speed  o,,,  ,  can  be  expressed  in  terms 

of  the  potential  of  speed: 


Hence  after  substituting  e,,  or  e.  and  Integrating  we  obtain: 


(3-51) 


Fig.  3-20.  Diagram  for 
detendning  angle  of  de¬ 
flection  in  wave  of  rare¬ 
faction.  I 

Ws  shall  dwell  in  the  conclusion  on  the  method  of  calculating  the  angle  of 
deflection  of  a  flow  (  .  From  Fig.  3-^0  it  follows  that  with  a  known  position 
of  boundary  characteristic  An^  the  angular  deflection  is  determined  by  the  formula 


*  4*  «*!,-- -J- 


(3-52) 


By  bearing  in  mind  that 


‘0  (3-*7) 


(3-53) 


ri,  I'  in  !•  I 


'  f  u  r  trigonometric  transfonaation,  from  (3-53)  we  find: 

*=  Kf$l»rcsinl* -(A- I)Aj  J-l- 


(3-53a) 


The  magnitude  i  can  be  preeented  in  relation  to  or  p^/p^.  Corresponding 
value#  of  J  for  three  different  indices  k  -  l.l35j  1.3  and  1.4  are  shown  in 
Fig.  3-«l  and  in  the  table  of  functions  of  isentropic  flow  (See  Appendix). 


j  Fig.  3-21.  Change  of  angles  (  and  0 

An  relation  to  ratio  of  the  pressures. 

I  ' 

.  ^  "nxAawa  angle  of  deflection  corresponds  to  a  maximum  speed  of  flow 

*max  Pa/Po  “0)*  In  this  case,  as  was  already  pointed  out,  a  -  0  and 

r  BIq  •aniei 

consequently,  ^  < 

*«»)(“  T* 

'  1 


/O? 


or  by  t«klng  into  account  (3-49)  yn  obtain: 


(3-54) 


3-7 •  Dloeran  of  Charactarlatlos 

By  uBlng  equation  (3-53 )i  yn  now  oonaider  the  ohenge  in  speed  along  a  certain 
streamline  EFH  (Fig.  3-22).  Let  us  asounM  that  the  speed  of  undisturbed  flow 
before  angle  point  A  A]^  "*  !•  Beyond  the  angle  point  the  pressure  is  •  0.  Thus, 

along  the  streamline  EFH  there  ooours  a  continuous  expansion  of  the  flow  from  pjj^  •" 

'  \ 

to  p^  -  Oj 


I 


Fig.  3-22.  Hodograph  of  speed  vector  in 
flow  around  an  angle  by  supersonic  flow. 


here  the  speed  of  flow  increases  from  ■■  1  to  X^  ■*  Xj^^  At  each  point  of 
streamline  one  can  determine  the  magnitude  and  sense  of  the  speed  vector  X  •  We 
shall  plot  these  vectors  from  a  certain  center  0.  Then  the  ends  of  vectors  will 

'  I 

describe  curve— hodograph  of  the  speed  for  a  given  streamline,  i 

Ml  note  that  points  of  the  hodograph  of  speed  E'F'H'  correspond  to  points  of 
the  EFH  streamline.  It  follows  from  this  that  the  sector  OE*  ■■  1,  and  the  sector 
.  Equation  (3-53),  expressing  the  function  6  (  X),  is  the  equation 
of  hodograph  of  speed  in  polar  coordinates.  According  to  (3-53)  hodograph  of  speed 
is  an  epicycloid. 

Ne  shall  dwell  more  specifically  cn  certain  properties  of  a  hodograph  of  speed. 


iWe  thAll  draw  In  the  plane  of  flow  the  charaoterletlc  AF,  Interaeetlng  the  etream- 

,  ir-',  ,  ■  'V  ,  .  ■ 

line  EFH  at  point  F  (Fig.  3**22),  and  we  ahall  find  In  plane  of  hodograph  the  point 
F'  corresponding  to  it.  This  can  be  done,  by  drawing  from  point  0  the  line  of 
speed  vector  A  |i  at  an  angle  6p  to  direction  of  flow  QE‘,  The  sense  of  the  vector 

I 

X  p  oolneldes  with  the  direction  of  tangent  to  streamline  at  point  F.  In 
displacement  to  an  infinitely  closely  located  point  F',  the  speed  of  the  flow 
varies  by  dXp  (angular  deflection  changed  by  d  i  }•  Anglo  between  tangent  to 
hodograph  at  point  F  and  speed  vector  can  be  found  by  the  equation 

The  magnitude  is  determined  by  differentiation  of  the  equation  (3-!l>3)} 
wo  obtain:  %/Z 

V 

Consequently,  dk,  ^ 

It  la  obvious  that 

7l»,vf,*=sV^A^  “1". 

The  angle  between  the  normal  to  the  hodograph  F'A*  and  the  direction  of  the 
undisturbed  flow  OF*  is  equal  to:_  *  __J _ 

I  ' 

Consequently,  the  normal  to  hodograph  of  speed  F'A*  la  characteristic  In  the 
plane  of  flow,  since  angle  of  this  normal  with  the  sense  of  the  speed  vector  Is 
equal  to  angle  of  slope  of  characteristic  From  this  follows  the  obvious 

oonoluslon  of  the  mutual  orthogonality  of  characteristics  and  tangents  to  hodo. 
graph  of  speed  (Fig.  3-22).  Line  of  hodograph  of  speed  E'F'H'L*  is  called  the  ^ar- 
acterletlo  of  flow  ^  ^  plane  of  hodograph  (plane  u,  v).  It  should  be  emphaslaed 
that  all  streamlines  have  a  cocsaon  hodograph  of  speed,  l.e,,  form  of  characteristic 

1 

In  plane  of  hodograph  does  not  depend  on  character  of  flow  and  is  identical  for  all 
two^dlmenalonal  supereonlo  flows  of  gas  with  given  physical  properties. 

Just  as  in  field  of  flow.  In  plane  of  hodograph  It  Is  possible  to  eoneliruct 
two  charaeterlstlos,  eymmotrlcal  with  respect  to  the  axis,  which  refer  to  two 


different  families.  For  the  solution  of  a  number  of  practical  problems  It  Is 
convenient  to  use  grid  of  characteristics  of  first  and  second  family.  Totality 

of  characteristics  of  two  families  in  the  plane  of  the  hodograph  is  called  the 
diagram  of  characteristics.  The  diagram  of  characteristics  can  be  constructed 
by  equation  (3-53)  or  graphically. 

Graphic  method  la  based  on  the  following  consideration.  Vfe  establish  the 
character  of  the  relationship  between  the  speed  vector  and  angle  of  slope  of 
characteristic  .  WS  note  that  in  the  plane  of  hodograph  the  supersonic  region 
is  included  in  annular  region  between  the  two  circles  (Fig.  3*^3)*  The  radius 
of  internal  circle  is  equal  to  X  ■*  1.  External  circle  has  a  radius,  equal  to 
,As  has  already  been  indicated,  with  a  change  of  spaed  from  X  -  1  up  to 
angle  of  slope  of  charaoteristlc  varies  within  limits  from 

to  *  0. 

In  considering  that 


/ 

I 

\nX«tni„,  I  we /arrive  at  the  equation 


and  +  where 

Thus,  dependence  ag|(  X)  in  polar  coordinates  ( X»a^)  is  expressed  by  the 
ellipse  equation.  Length  of  minor  semlaxls  of  ellipse  is  equal  to  unity,  length 
.f  1.  to 

We  shall  place  the  ellipse  in  plane  of  hodograph  (Fig.  3-^23)• 

The  sector,  oonneotlng  the  center  0  with  a  certain  point  on  arc  of  ellipse  jf, 

determines  the  speed  vector  X  ai  scale  of  the  construction.  Tho  angle  between 

•e 

vector  X  and  major  semlaxls  of  ellipse  is 
equal  to  / 

It  is  obvious  that  the  major  sami-axitt 
ON  gives  the  direction  of  the  characteristic 
in  field  of  flow,  and  the  minor  semlaxis  OL 
tho  direction  of  eharaotoristio  in  plane 


Fig.  3~23*  Diagram  for  constructing 
characteristics  in  hodograph  plane. 


of  hodograph.  Consaquontly,  sector  FGj  parallel  to  OL,  Is  tangent  to  the  char¬ 
acteristic  in  plane  of  hodograph  at  the  point  F. 

By  dravlng  at  several  points  of  the  ellipse  sectors,  parallel  to  the  minor 
axis,  and  by  rotating  ellipse  around  the  center  0,  we  can  construct  a  group  of 
characteristics  of  the  first  family  In  the  plane  of  hodograph  PFJ,  P'F'J',  et  cetera. 

Since  In  the  rotation  the  ellipse  passes  over  each  point  of  annular  region 
twice,  then  there  readily  Is  drawn  another  group  of  epicycloids,  eompoeing  the  second 
family  of  characteristics  (dotted  curves  in  Fig.  3*^3) •  Characteristics  of  the 
second  family  are  the  mirror  image  of  characteristics  of  first  family. 

The  hodograph  of  speed  can  also  be  obtained  by  means  of  rolling  without 
slipping  of  circle  with  radius  ^  ^|/ along  Inner  circle  of  annular  region 
(dashed-dotted  circle  In  Fig.  3‘*23). 

The  diagram  of  eharaoteriatlos  In  plane  of  hodograph  is  used  for  approximate 
calculations  of  two-dimensional  supersonic  flows.  For  this  purpose  In  the  plane 
of  hodograph  there  are  drawn  sectors  of  the  characteristics  of  two  families  at 
an  identical  and  fairly  small  distance  from  each  other.  For  practical  use,  the 
portion  of  annular  region,  located  In  sector  with  a  70^  angle  Is  sufficient.  Each 
epicycloid  Is  appropriated  a  specific  number. 

Wo  note  that  any  circle  In  plane  of  the  hodograph  is  a  Uns  of  constant 
modulus  of  speed,  and  any  radial  line,  proceeding  from  the  center  of  0,  determines 
the  sense  of  a  speed  vector  at  a  given  point  (Fig.  3‘’24).  The  Internal  circle 
Is  subdivided  Into  degrees;  reading  of  angle  will  be  made  from  the  horisontal  axis 
of  plane  of  hodograph  (positive  angles  are  plotted  upwards,  atid  negative- downwards). 

Every  epicycloid  is  appropriated  a  number,  showing  angle  of  radial  line,  as  whose 
extension  the  epicycloid  under  consideration  (Fig.  3-24)  servos.  Epicycloids 
of  first  family,  proceeding  upwards,  have  the  eubscript  1  (lOj^,  20^,  30^  etc.); 
proceeding  downwards,  they  are  designated  correspondingly  by  the  subscript 
2(102,  302,etc.). 


Pig«  3-24 •  D«tlgnatlon  of  oharaotariailot 
and  diroliB  (linaa  X  const)  In  dlagraiu  of 
Qharaotsrli^tios . 

Thi  olrolss  (lints  X  ■■  oontt)  alto  tr«  datignatad  by  a  tpaolflo  nuubar. 

With  an  aooalaratlon  from  X  ■*  1  up  to  a  glvan  valua  X  tha  flow  la  dafltotad  at 
a  oartaln  anglt  h  ,  which  can  bo  found  by  auparpotlng  tha  two  radial  llnat  intar- 
oaotlng  tha  oharaotarittlo  In  tha  olrola  of  radios  X  ■"  1  and  in  oirola  of  radius 
X  (Fig.  3-24) •  Along  tha  oirola  tha  angla  of  daflaotion  &  maintains  a  constant 
value;  it  is  equal  to  tha  half  sum  of  numbers  of  tha  apioyoloids  of  the  two  famlUaa^ 
Intaraaoting  on  tha  given  oirola.  If  tha  nundjar  apioyoloids  of  both  families  da- 

’  I 

creases  or  Inoraasas  by  one  and  tha  tarns  magnitude^  than  tha  point  oorratpondlng 
to  It  in  tha  plana  of  hodograph  is  dltplaoad  along  tha  oirola. 

I  • 

Saoh  oirola  in  tha  diagram  of  oharaotarlstioa  it  dsaignatad  by  a  number, 

..  t  . 

showing  tha  sum  of  numbart  of  tha  apioyoloids  [having  a  dlffarant  sign  (+)]  or 
diffaranoa  between  numbart  of  the  apioyoloids  [having  an  identical  sign  or  -)], 
intarsaotlng  on  a  glvan  oirola,  and  equal  to  twlea  tha  angle  of  daflaotion  of 
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flow  In  the  axpuiBlon  from 
olrcle* 


•tH?i(t..  3-25.  Exampla  of  calculation  of  super- 
eonio  flow  along  curvilinear  wall  by  method 
of  oharacteriatios . 

a  and  c  —  plane  of  flow;  b  —  plane  of 
hodograph  of  velocity. 

it 


1  to  X  ,  oorreaponding  to  the  considered 


Below  there  are  presented  examplee,  illustrating  the  methodology  of  using  the 
diagram  of  oharaoteristloa . 

Thua^  in  Fig.  3*‘25a  there  is  lUuatrated  the  flow  around  a  convex  curvilinear 

wall  by  a  two-dimensional  supers onlo  flow.  For  an  approximate  oaloulatlon  of  the 

flow  we  shall  replace  the  smooth  line  of  wall  ABOD  by  a  broken  line;  each  sector 

of  this  line  (AB,  BC«  CD)  is  rotated  by  an  identical  angle,  equal,  for  exasqjle^ 

to  5*t  Before  the  oharaoteristlc  Am^  there  are  known  speed  of  flow  X^  ■■  1.227  and 

the  oorresponding  angle  a  50**  37'.  In  the  plane  of  hodograph  (Fig.  3->25,b)  to 

*1 

this  oharaoterlstio  oorresponds  point  A',  which  in  the  diagram  of  oharaoteristloa 

can  be  selected  arbitrarily  in  circle  10,  oorresponding  to  a  speed  ^  “  1.227. 

Ws  al.all  take  this  point  at  the  intersection  of  the  charaoterlatios  , 

-5i 

In  the  transition  to  region  II  the  flow  is  deflected  by  an  angle. of  5'., 


,I~)P  hi.,'.. 


>r.  f  { 


/D? 


By  following  along  th«  characteristic  +  $2  in  plane  of  hodograph,  we  find  the  circle 
passing  through  point  B*  (number  of  circle  la  equal  to  the  eum  of  5  and  10), 

the  corresponding  speed  in  region  11^12  “  1*344  and  angle  *«  42°  54'*  57  pro¬ 
ceeding  bo  region  III  and  further  to  region  IV,  successively  we  find  in  diagram 

of  characteristics  the  points  C  and  D'  and  the  corresponding  speeds  of  flow  A. 

3 

and  and  also  and  *m,‘ 

Completely  analogously  there  can  be  made  a  calculation  of  flow  around  a  con- 
oave  wall  (Fig.  3"^5,c)»  If  speed  before  Is  equal  to  A^  ■>  1,539,  and  the  angle 
of  rotation  of  sectors  DC,  CB,  BA  are  identical  and,  as  in  the  ease  ”aj'  are 
taken  equal  to  5°,  then  the  variation  of  speed  and  direction  of  flow  in  regions 
I,  II,  III  and  IV  are  found  by  the  diagram  of  charaeterlstios,  by  crossing  along 
epicycloids  +  5^  from  the  point  D'  to  the  point  A'.  ; 


3-6*  The  Intersection  and  Reflection  of  Waves  of  Rarefaction 


In  Fig,  3-^6  there  is  presented  diagram  of  the  intersection  of  two  waves  of 
rarefaction,  forming  as  the  result  of  changes  in  the  directions  of  the  channel  walls 
at  angles  of  ij,  and  (2*  respectively* 

Since  the  angle  ^  smaller  intensity  in  comparison 

with  wave  ACE.  If  we  assume  that  at  all  points  of  region  I,  the  speeds  are  Iden¬ 
tical,  then  the  first  charaoterlatlcs  AC  and  BC  have  an  identioal  angle  of  slope 
to  streamlines  of  undisturbed  flow.  In  region  II  there  is  established  a  pressure, 
that  can  be  determined  by  formulas  in  Sec.  3-‘6,  To  the  right  of  characteristic  AE 
the  pressure  p^  will  be  less  than  p^,  since  flow  traverses  a  more  Intense  wave  of 
rarefaction  ACE.  In  sones  II  and  III,  the  streamlines  acquli'e  a  direction,  parallel 
to  the  walls  AA^  and  BB^.  Following  this,  the  streamlines  once  again  intersect 
sectors  of  the  waves  of  rarefaction  DIKF  and  EFGH,  >diich  are  a  continuation  of 
.  waves  ACE  and  BCD.  Here  the  pressure  of  flow  lowers  to  p^,  arid  the  speed  corre¬ 
spondingly  increases  (i,v>A,|i>A||>^i)*  ' 


J/0 


I 

(J 


I 


At  the  Interseotlon  of  the  waves  DIKP  and  EFGH  the  etreanllnee  are  defleeted 
in  opposite  direotlons)  here  the  streamline  a  -  a  is  rotated  at  a  larger  angle, 
than  the  streamline  b  >  b.  To  the  right  of  KFQ  the  streamlines  have  an  identieal 
direction  and  are  defleeted  at  an  angle  as  ^  1  *  ^2  Initial  direction, 
since  the  intersecting  waves  have  a  different  intensity.  The  resultant  deflection 


Pig.  3*^6.  The  reaction  between  two  waves 
of  rarefaction. 


of  flow  occurs  in  that  direction,  idiich  is  dictated  by  the  more  powerful  wave, 
in  the  given  case  by  wave  AJKA. 

Parameters  of  the  flow  beyond  the  system  of  intersecting  waves  (region  IV)  can 
be  determined  by  formulas,  presented  In  preceding  paragraphs.  The  construction  of 
spectrum  of  flow  and  determination  of  parameters  in  sons  of  intersecting  waves  can 
be  realised  by  means  of  the  diagram  of  characteristics. 


\h  now  consider  the  intersection  of  two  pairs  of  oharacterlsties  (Fig.  3'26,b), 
where  the  paramters  and  direction  of  flow  in  region  I  will  be  considered  given. 

The  magnitude  and  direction  of  speed  in  this  region  are  determined  at  that  point 
in  plane  of  hodograph,  at  which  the  epicycloids  of  the  two  families  intersect. 

Suppose  for  the  considered  example,  the  number  X  in  region  I  is  equal  to  1.522, 
and  corresponding  epicycloids  have  the  numbers  +  2O2  and  20j^  (^5^)  (number  of  circle 
40).  The  direction  of  the  flow  in  region  I  coincides  with  direction  of  the  radial 
line  0  (See  diagram  of  characteristics).  In  the  trarisition  to  region  II,  the  flow 
intersects  the  characteristic  b^^,  where  we  assume  that  in  the  transition  through 
this  characteristic  the  angle  of  deflection  of  flow  amounts  to  !<*.  Then,  in  being 
displaced  along  epicycloid  20,  we  find  in  the  plane  of  the  hodograph  the  point 
corresponding  to  the  state  of  flow  in  region 


.  Analogously  we  find  the 


magnitude  and  direction  of  speed  in  sone  111  after  the  intersection  of  the  character- 
istle  a^.  The  oorresp^iding  epicycloids  have  the  nmbers  +  22^  and  21^ (•^^).  In 
the  transition  into  region  IV,  the  deflection  of  the  flow  occurs  in  opposite  di¬ 
rection  by  the  same  magnitude  (I**).  In  this  case,  in  being  displaced  along  the 
epicycloids  —22^,  we  find  the  magnitude  of  the  speed  in  sone  IV,  which  is  deter¬ 
mined  by  the  sum  of  numbers  of  the  epicycloids  +  2k^  and  —22^.  The  transition 
to  region  V  from  region  IV  is  associated  with  a  turn  of  the  flow  by  an  angle  of  1* 
in  the  opposite  direction.  Simultaneously,  there  occurs  a  subsequent  expansion  of 
the  flow  and  the  sum  of  the  nxunbers  of  epllcyelolds  Increases.  To  this  sone  corre¬ 
spond  epicycloids  The  speed  of  flow  here  amounts  to  Ay*-  1.558.  The 

successive  transition  through  characteristics  of  rarefaction  in  the  diagram  of 
characteristics  is  shown  in  Fig.  3-26, 0.  Here  the  points  I',  II',  III etc ., corre¬ 
spond  to  regions  I,  II,  III... in  Fig.  3-26,b.  The  eonsidored  method  of  constructing 
the  flow  in  the  sone  of  intersecting  sound  waves  is  approximate.  At  the  base  of  the 
method  there  is  posed  the  assumption  that  at  the  intersection  of  each  characteristic 
the  flow  is  turned  and  expanded  by  identical  magnitudes,  l.e.,  all  waves  have  an 
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Idvntieal  Intanalty.  Within  the  limits  beti«een  nolghborlng  oharaoterlsties^  ths 
paramsters  of  the  flow  are  considered  constant. 

Bgr  the  Indicated  method  It  la  possible  to  calculate  the  flow  In  the  quadrangle 
CDFS  (Fig.  within  the  limits  of  idileh  an  Intense  expansion  of  gas  and  a 

deformation  of  the  streamlines  occur.  In  this  region,  the  characteristics  are 
curvilinear.  If  both  Interacting  waves  of  rarefaction  posses  an  Identical  intensity, 
then  the  quadrangle  CDFE  Is  synssstrlc,  auid  a  deflection  of  neutral  streamline  In 

( 

sone  IV  does  not  occur. 

Thus,  we  see  that  as  a  result  of  interaction  between  waves  of  rarefaction  an 

.  I 

I 

expansion  and  acceleration  of  ths  flow  occur. 

I  I 

Of  practical  interest  is  the  case  of  reflection  of  waves  of  rarefaction  from 
I  wall  or  free  boundary  of  the  stream.  The  first  case  is  shown  in  Fig.  3--27,e. 


t/  *  P 


Fig.  3-27.  Reflection  of  wave  of  rare¬ 
faction  from  flat  rigid  wall. 


STOP  Ml  iP 


At  the  Internectlon  of  primary  wave  of  rarefaction  ABC,  the  streamlines,  in  being 
deformed,  turn  at  an  angle  (  .  The  first  characteristic  A£  is  reflected  from  the 
wall,  where  the  element  of  reflected  wave  BD  Intersects  the  primary  wave  of  rare¬ 
faction.  Consequently,  along  ED,  the  presstire  must  drop,  and  the  speed  —  increase. 
To  such  conclusion  we  arrive,  in  considering  the  behavior  of  streamlines  immediate¬ 
ly  along  wall:  here  during  continuous  flow  around  the  streamlines  are  pai'allel  to 
the  wall  and,  consequently,  turned  at  angle  h  to  the  streamlines,  located  beyond 
the  characteristic  AD.  Such  a  deflection  denotes  a  rarefaction  of  supersorde 
flow.  Hence,  we  conclude  that  the  wave  of  rarefaction  is  reflected  from  flat  wall 
in  form  of  wave  of  rarefaction,  l.e., maintains  the  sign  of  influence  on  flow. 

Zt  is  readily  seen  that  the  reflected  characteristics  comprise  with  the  di¬ 
rection  of  wall,  an  angle,  less  than  the  fin;3le  of  corresponding  prlmaz7  character¬ 
istics,  since  the  speed  beyond  the  point  of  drop  increases. 

Vlth  distance  from  the  wall  angle  of  reflected  characteristic  decreases  in 
connection  with  the  fact  that  characteristic  intersects  the  region  of  rarefaction 
(in  sector  BD), and  along  the  characteristic  the  speed  increases.  It  fellows  from 
this  that  sectors  of  characteristics,  lying  within  the  limits  of  the  prlmaiy  wave 
of  rarefaction,  will  be  curvilinear.  Only  beyond  the  last  characteristic  DC  do  the 
I'eflected  oharacterlstice  become  rect linear.  An  analogous  conclusion  can  be  made 
also  for  soctlons  of  primary  chatacteristlcs  AD', et  al. 

In  the  transition  through  primary  and  reflected  waves  of  rarefaction  the  flow 
expands:  the  pressure  drops, and  the  speed  correspondingly  Increases.  Paraxasters 
of  flow  in  sons  II  are  determined  by  known  valuea  A  p^,  e^,  6  .  Parametera  of 
■one  III  can  be  found,  by  considering  that  angle  of  rotation  of  flow  in  reflected 
wave  BBCF  is  equal  to  h  .  Then,  after  determining  P2*  ^2  ^  fonmla 

we  find  A^,  ^3* 

'i  * 

The  construction  of  the  reflected  wave  can  be  mode  by  using  the  method  of 
eharseteriatios .  Thus,  for  example,  let  us  aasurae  that  in  the  transition  through 
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!  oharaot«rl8tlc  AB,  falling  on  wall  at  point  B  (fig.  3~27»b),  the  direction  of  speed 

'!•  i  ^  : 

+20 

changes  by  1*.  If  speed  before  AB  amoijuiits  to  A  ^  1.522  (epicycloids  ),  then 
In  the  cone  ABGA  the  numbers  of  corresponding  characteristics  in  plane  of\odograph 

4.20- 

are  equal  to  (A  ”*  1.535} •  At  the  intersection  of  rsfleoted  wavs  BC,  flow 
-22jl  11 

is  reverted  to  initial  direction  and,  consequently,  in  this  region  magnitude  and 


direction  of  speed  are  determined  at  the  point  of  diagram  of  characteristics 


6f 


,  i 

1  I 

The  transition  .from  cone  II  to  cone  IV  results  in  a  new  change  of  magnitude 

and  direction  of  speed,  corresponding  to  the  characteristics  A  "  1.553). 

-24i 

As  a  result  of  intersection  of  reflected  wave  BD  the  flow  is  deflected  in  an 

opposite  direction  (wave  of  rarefaction)  and  its  oharaeterlstios  will  be  ^v*” 

1.575.  Finally,  beyond  the  second  reflected  wave  B  D  ,  the  magnitude  and  direction 

+24o  ^  ^ 

of  speed  correspond  to  the  characteristios  — -»(  1.595).  The  position  of  the 

corresponding  points  In  the  diagram  of  characteristics  can  be  seen  in  Fig.  3-27, o. 

'  Analogously  it  is  possible  to  consider  the  reflection  from  the  free  boundary  of 
stream  of  wave  of  ^-arefaction  ABE,  forming  during  flow  around  the  exterior  angle 
(Fig.  3-2B).  Characteristics,  by  not  penetrating  into  external  medium,  are  zafleoted 
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from  the  edge,  where  the  streamlines  and  edge  of  stream  are  distorted.  Along  the 
wave  AB,  pressure  is  equal  to  pressure  of  external  medium  p^;  after  last  wave 
^11  ^  ^a.  directly  on  edge  of  stream  on  external  side  the  pressure,  temp> 

crature  and  speed  do  not  change.  Consequently,  if  along  the  sector  of  oharaoterlstlo 
BF  the  pressure  drops,  then  along  FE  It  increases.  But  the  sector  FE  Intersects 
the  reflected  wave.  This  means  that  in  the  transition  through  the  reflected  wave, 
the  pressure  increases  up  to  the  value  p^. 

Hence  we  conclude  that  wave  of  rarefaction  from  the  free  edge  of  stream  la 
reflected,  as  a  compressional  wave.  Characteristics  of  the  refleoted  wave  converge* 
This  is  obvious,  since  the  angle  between  refleoted  oharaeteristios  and  the  edge 
remain  identical  (at  points  B,  C,  D,  E  -  the  pressure,  speed  and  temperature  are 
identical).  I 

In  reflected  wave,  the  oompresslon  of  the  gas  occurs  gradually  (without  dls- 

I 

continuity},  and  change  of  state  is  Isentroplo*  | 

The  construction  of  the  process  in  waves  of  rarefaction  and  oompresslon  in  the 
diagram  of  oharaeteristios  is  shown  in  Fig*  3-^d,b.  The  points  I',  1',  2',  etc*, 
make  it  possible  to  determine  the  magnitude  and  direction  of  the  speed  in  the 
regions  of  flow  1,  1,  2,eto.,  (Fig.  3*^8,a).  By  intersecting  both  waves,  flow  turns 
at  an  angle,  equal  to  2  )  • 

Thus,  we  see  that  the  reflection  of  waves  of  rarefaction  from  a  free  edge 
occurs  with  a  change  in  sign  of  the  influence  on  flow.  As  a  result  of  the  inter¬ 
action  of  wave  of  rarefaction  with  the  edge  there  ooours  a  deflection  of  the  stream. 
Prlnolpal  distlnotlon  between  properties  of  refleoted  waves  from  wall  and  a 

I 

free  edge  la  explained  finally  by  the  fact  that  along  streamlined  wall  distribution 

of  the  parameters  of  flow  Is  dictated  by  the  flow  itself,  while  on  free  edge  it 

.1 . 1 

is  given  by  external  medium.  I 

The  considered  examples  of  Interaotion  of  waves  ,by  no  means  exhaust 
range  of  problems  in  this  region,  with  which  one  sust  encounter  in  the  practice  of 


!u  in  theor*tie*l  investigations.  HoMSver,  those  examples  can  be 

Msunsd  as  the  basis  of  a  study  of  othor,  more  canplex  oases. 
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OHAPTBR  4 


OOMPRSSSION  SHOOKS 
4-1.  Tht  Pormutlon  of  Shook  W>vt 

In  thf  ]»r«o«dlnx  ohuptara^  «m  oontldtr«d  prop«rtl«s  of  an  iaontroplo  gaa  flow. 
In  thla  Qonnaotlon  m  atudlod  iho  noohanlim  of  ju*optgatlon  In  floir  of  auoh  dlaturb- 
anoaii  whleh  do  not  oauia  a  ohanga  in  Ita  antropgr.  Wa  turn  now  to  a  atudjr  of  flnlta 


tha  gaa  flow. 


For  thla  purpoaa  lat  ua  conaldar  tha  notion  of  a  auparaonlo  flow  along  a  flat 
wall  AB,  flowing  Into  nadlim  with  hlghar  praaaura  (Fig.  V-l).  To  tha  laft  of  point 
B  tha  apaad  will  ba  o. ,  praaaura  p.  and  tanparatura  T. .  To  tha  right  of  point  B 

-  .  .,1  *  ^  >*•  a  .  I 

(aftar  lina  BO)  thara  la  nalntalnad  a  praaaura  hlghar  than  If  tha  dlffaranoa 
batwaan  praaauraa  pj—  p^^  la  antall*  than  at  tha  point  B,  a  waak  ooaqxraaalonai  wava  ' 
davalopa .  I 


0 . .  J 


"  ur'fi 


■.K'l'  Hi'Ki: 


l/f 


ZS  <^'vango  in  prcBSur*  «!L  B  beeaufiB  finite,  then,  ee  the  experiment  shovrs. 


the  wave  wl.U.  be  transferred  to  pvfsltlon  BK  and  will  possess  not  a  Infinite  sl- 
waTly  small  but  a  finite  intensity*  Av.c.i»'ding  to  the  degree  of  increase  in  pressure 
P2»  the  line  BK  will  be  {Reflected  to  the  left  t'dih  respect  to  point  B  (BK*,  BK" 
etc, ).  lb  the  transition  through  wave  BK,  ths  gas  is  compressed  and  flow  is  deflect¬ 
ed  at  a  certain  angle  S  upwards  from  direction  of  the  undisturbed  flow  AB*  With  a 
rise  of  P2,  the  compression  of  the  gas  in  wave  BK  and  the  angle  of  deflection  ( 
increase, 


Fig*  ir2*  Flow  around  an  internal  angle 
by  a  supersonic  flow. 

The  wave  BE  le  called  a  plane  oblique  ccmpreosion  shock  or  a  plane  shock  wave. 
In  the  transition  through  such  shock  wave  the  flow  experiences  Intermittent  changes  in 
pressure,  speed,  and  other  parameters.  The  position  of  the  shook  is  determined  by 
the  angle  ^  between  plane  of  shock  BK  and  the  initial  direction  of  flow  AB  (Fig*  4-1). 

The  formation  of  oblique  shook  waves  can  be  traced  also  in  the  simplest  example 
of  flow  around  the  wall  ABC,  deflected  at  point  B  at  a  certain  finite  angle  t 
towards  the  flow  (Fig.  4-2) 

Owing  to  such  a  change  in  direction  of  wall,  the  section  of  stream  decreases 
and  t. '  streams  contracts.  In  a  stipsrsonio  flow  this  results  in  an  increase  of 
pressure  (pj^  >  p^^).  Here,  the  increase  in  pressure  occurs  intermittently  in  the 
transition  through  the  surface  BK,  which  is  the  surface  of  shook.  It  is  possible  to 
show  that  during  a  flow  around  the  considered  wall,  a  continuous  transition  from 
parameters  in  regj.on  ABK  to  parameters  in  region  KBC  is  physically  impossible. 

Actually,  boundary  of  disturbance  for  the  region  ABK^  must  be  the  sound  wave 


//? 


BK^,  %ihoa«  angle  of  slope  to  the  v«?tor  .4’  speed  will  be  ejQ^^arcsin  iL.  Th. 

*0 

second  boundary  of  disturbance  BK^  has  angle  of  slope  »  arosin  •  Since 

2 

02<e^  and  *2^^1'  oharaoterlstlo  BK^  le  found  to  be  in  the 

undisturbed  region  ABK^  and  the  Uiisa  of  flow  nust  have  the  shape,  shovm  by  dotted 
line  idileh  physically  is  absolutely  unrealistic. 

It  is  possible  to  assuM  that  an  oblique  shock  occupies  a  i&ean  position  between 
waves  BK^  and  BI^i  then  the  angle  of  an  oblique  shook  fi  is  associated  by  a  simple 
apprcKiaate  relationship  with  the  angles  e^  and  j  t 

p«^(s^,  +  a^-f-8). 

We  considered  stationary  ease  of  the  formation  of  an  oblique  shook  wave,  motion¬ 
less  relative  to  the  focus  of  the  disturbance. 

Such  a  case  oorresponds  to  tha  inoidanoe  of  a  two-dimeneional  supersonic  flow 
of  oonstent  speed  onto  en  infinite  wedge  or  the  motion  of  flat  wedge  in  a  medium 
with  a  constant  supsrsonio  spssd.  In  a  non-itatlonary  motion  ths  oeaprssslon  shooks 
nay  develop  also  at  subsonic  speeds  of  the  motion.  In  the  general  ease  of  a  rion- 
•tationary  motion  the  shook  wave^whioh  Is  the  result  of  a  finite  oompresslon  or 
rarefaotion  of  the  flow,  oan  be  displaoed  relative  to  a  solid  body,  which  caused 
the  shook  wave. 

Ws  shall  analyse  oonditlone  of  the  formation  of  such  moving  shook  waves.  Suppose 
in  a  tube  of  constant  section  there  is  a  piston  (Fig.  4'-3)*  The  thrust  of  the  piston 
osusss  to  ths  left  s  weak  wave  of  rarefaotion  m'  —  n',  and  to  the  right,  a  weak 
ocnpreesional  wave  m  —  n.  Ely  oontlhulng  to  inorease  the  rate  of  piston  thrusts, 

Vi  shall  create  a  series  of  weak  waves  of  disturbsnoes  (m'j^  —  n'^,  m^  ete.), 
being  displaoed  in  ths  flow  of  gsa  in  opposite  direotlons  from  the  piston,  esoh 
with  its  own  speed  corresponding  to  ths  speed  of  sound  in  s  given  region. 

I  •  ‘ 

li  is  readily  seen  that  to  the  right  each  thrust  raises  ths  pressure  of  the  gae 
by  a  emiU  magnitude,  ond  to  the  left  —  lowers  It.  Consequently,  in  region  III  the 
pressure  end  temperature  will  be  higher  than  in  regions  II  and  I,  and  consequently, 

I 


m 


■ptad  of  sound  ConvoroeS^,  in  rogions  II',  III'  tho  sposds  of  sound 

will  bs  Isas  than  In  rsgion  I'  (aj,^  <  aj^^  <  ap.  Consoqusntly,  to  th«  right  of 
ths  piston,  tho  wsak  wavos  of  oonprassion  ovortaks  ono  anothor;  to  ths  loft  ths 

waros  of  rarsfaotlon  will  lag  bshlnd  oaeh  other. 

After  a  certain  interval  of  time,  waves  to  the  right  coalesce  into  single  wave, 
the  front  of  >diioh  will  be  boundary  between  the  undisturbed  and  disturbed  regions. 
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Fig.  A*‘3«  Propagation  of  weak  dlsturbanoes  in  a  tube. 

1 

!  4-a«  Kouation  of  Oblique  Shook 

I 

Ao  also  previously,  we  shall  consider  a  flow  of  gas  whloh  has  been  established 

I 

without  a  heat  exchange  with  the  environasnt  and  without  friction.  Ws  assusio  that 
at  certain  point  in  the  supersonic  flow  there  appeared  an  oblique  shook  waie  (Fig. 

4-4} •  Gas  paransters  before  the  shook  are  designated  by  subscript  1,  ind  after 

-  ■  ,1 

.the  shook  by  the  subscript  2.  3 

Let  us  consider  the  motion  of  a  gas  along  lines  of  flow  ABC,  intersect dng  the 
plane  of  oblique  shook  at  point  B.  As  has  been  pointed  out,  in  the  transition 

_  P/ 


throu|;h  an  obliqus  shook  the  line  of  flow  is  deformod^as  it  is  deflsctsd  by  a  certain 
angle  S  .  The  speed  prior  to  and  after  oblique  shook  can  be  presented  as  coupon- 
ante  noraal  to  plane  of  shook  (o^  and  e^)  and  tangent  to  it  and  o^)  and 
thus  triangles  of  the  speeds  prior  to  and  after  the  shook  can  be  constructed. 

It  is  obvious  that  ■  •  « 

*!*=’4r+«{|- 

For  solving  the  basic  problem  on  oblique  shockj*  which  reduces  to  establishment 
of  a  connection  between  parameters  prior  to  and  after  the  shook  and  to  detemlnlng 
the  losses  arising  in  the  transition  through  the  shook,  we  use  the  fundamental  laws 

I 

of  msohanlcs.  , 

law  of  the  oonsevation  of  mass  —  equation  of  ccntinuity  —  for  two  sections 
of  a  tube  of  flow  prior  to  and  after  the  shook  oan  be  written  out  in  the  following 
forai  (4^1) 


the  law  of  conservation  of  momentum  — 


projection  onto  the  normal  to  the  plane  of 


oblique  shock  gives t 


A  “■  A  *=“ 


Fig.  4-4.  Diagram  for  deriving  basic 
equations  of  an  oblique  shook. 


(4-2) 


In  projection  onto  plane  of  shook  we  obtain: 
since  the  pressure  along  all  surfaces  parallel  to  surface  of  shook  remains 


constant.  Consequently, 


Hbr^) 

2  . 


SrO/>  /-If.Kf 


yw 


.  Thui,  ths  t«ng«nti«I  oomponents  of  tha  speada  prior  to  and  after  a  plane 

,  flK'Sf  l.'/i,  >  1.  ,  . 

oblique  ahook  mvo  are  identical. 

The  lav  of  the  oonsarratlon  of  energy  —  Bernoulli  i  a  equation— can  be  used  in 
any  form  knovn  to  ua .  The  eonaldered  f lav  ooours  without  a  heat  exchange  with  the 
enrLronoent  and,  oonaequantlyi  total  energy  of  the  flow  is  kept  constant: 

j-f  4^ A*s-^4-— il-  Acs^*±4 
^  u  fi  Tr=7* 

“T+i^ir 


^  *  +  I  _  *? 

'Tr='i""  2  * 


(A^4> 


Mi  ahaU  find  a  connection  between  the  speeds  prior  to  and  after  the  shock. 

Ml  shall  transform  equation  (4-^)}  by  taking  into  account  formula  (4-1)  we  obtain: 

!  Front  the  equation  of  energy  (4-4)  we  shall  express  ratio  of  the  pressure  to 


density: 

(4-4a) 

and 

— t 

I  I  (4-4b) 

After  substituting  (4-4a)  and  (4-4b)  into  the  equation  (4-2a),  we  obtain: 

+^1”**+  i  *=('*•  "i  +  1  • 

After  simple  transformations  we  arrive  at  equation 

.  (4-5) 

Formula  (4-5)  establishes  a  connection  between  normal  oomponenta  of  speeda 

I 

during  transition  through  an  oblique  shook  and  is  the  original  for  obtaining  depend¬ 


ences  between  other  parameters  of  the  flow  prior  to  and  after  the  shook. 

2 

Ms  shall  replaos  in  formixla  (4-5)  a^  according  to  the  equation 

A  A— I  k  I  2  _ 


■A 


then 


*•  ^  +rri‘**  * 

s-l/e*,  ,  2 

k.-tf  «’j  1  2  \ 


(4-6) 


(4-6a) 


or,  by  oxpressing  the  speed  of  sound  in  terms  of  the  pressure  and  density  a*  =  A;  , 
«  .h.ll  obtain!  \  a  \ 

Ws  shall  use  the  equation  of  continuity  (A**!)}  by  squaring  both  sides  of  this 
equation: 


and  by  substituting 


tM  obtain: 


^  —  P*  ®*a 

Pn  — •nd  p«=A-^  , 


(A-a) 


By  eliminating  svcoesslvely  from  equation  (4-7)  by  means  of  equation  (4-8)  P. 


and  or  p^  and  p^,  ue  arrive  at  the  expressions 


and 


/  \  •ii  „/  ‘2a  ^J2_\  .‘1?  „a 

•| 


(A-9) 


(A-10) 


Prom  equation  (4-6)  and  (4-6a)  there  oan  be  obtained: 


4. 


<1  ,  2 


(4-11) 


^  2*  4:  ‘ 

rrr-^"* 

From  the  triangles  of  speeds  In  the  shook  the  obvious  relationships  ensue: 


where 


r,,astf,sinp; 

r^«=c,8ln)f; 

e=s  r,  cos  p  e=  r,  cos  Y» 


(4-12) 


,, ... 


Then  traa  equation  (4-11)  together  with  formulas  (4-12)  there  oan  be  obtained: 

^  2  '  . 

W+r:rT  , 

2*  *-  ‘  ..a 

Aly  ijn* }  —  I  — j—  •'*' 


ST' 


(A-IU) 

.  -  .  j 


(5 


l^*=A,cosp 


(4-llb) 


Equations  (4**?)  and  (4-10)  togsthor  with  aquations  (4-11)  and  (4-12)  after 
siapls  transformations  give  the  sought  relationships: 


2*  /  2  ^1  }  *  —  A 


nn-i3wr+' 


tin*  f 

1— j^Xjcoi*p 


(4-33) 


(4-14) 


Fron  equation  of  state  there  readiljr  is  found  the  ratio  of  the  absolute  temp¬ 


eratures  prior  to  and  after  the  shook: 


f  I  P$h 


After  substituting  and  ~  we  obtain: 

P»  w 


(4-15) 


Formulas  (4-5) t  (4-11)  —  (4-15)  e;:qpress  Tariations  of  the  parameters  of  gas 
during  the  transition  through  an  oblique  shock  wave  depending  on  the  coefficient 
the  speed  of  flow  prior  to  shock  and  angle  of  oblique  shock  These  formulas  at 
the  same  time  reveal  fundaawntal  phjrsical  properties  of  an  oblique  shock.  Thus, 
from  formula  (4-13)  it  ma/  be  concluded,  the  normal  oomponent  of  the  speed  prior  to 
the  shock  is  larger  than  the  critical  speed.  Actually,  since  -^>1  and  Af|sin*p^ 
*=s.™,we  conclude  that 


and  eonseqiusntljr, 

- . -  ■  .“j 


-^>1. 


The  normal  compcnient  of  the  speed  after  the  shock  is  lower  than  the  critical 


jipeed: 


srop 


STOP 


PS 


From  formula  (/^-13)  it  foUovrs^  in  addition,  that  the  angle  of  the  oblique 


ahook  ie  larger  than  the  angle  of  the  oharaeterietic  a 


At  I 

f resin  ji; 

Fi  h  Tt 

In  this  ease,  an  oblique  shock  degenerates  into  weak  (sonic)  compression  wave 
(weak  shock)  and  the  angle  of  deflection  of  flow  tends  to  aero. 

The  connection  between  the  angles  B  and  $  is  established  by  equation  (Ar6), 

I  *  t 

tdilch  can  be  transformed  to  the  form: 


But  on  the  basis  of  formulas  (4-12) 


Consequently, 


In  remsmbering  that 


*«s  ^  *««  *L.^Bk4.~Taa<LrjL, 

*»t  *t  *ml  TA0r  Tlif^ 
iLr#  *  +  *  ^  *  Ali*ln*f  J 


we  obtain: 


[  Al*  - J  j  +  *  j 


(4-16) 


(4-17) 


In  Fig.  4-5  there  are  presented  graphs  of  }  (  6 )  at  different  values  of  for 
k  *•  1,3 •  Ws  note  that  with  an  increase  in  speed  of  the  undisturbed  flow,  the  max¬ 
imum  angle  of  defL^otlon  of  flow5,„  increases.  It  should  be  emphasised  that  in 
aoeoManoe  with  double  solution  of  equation  (4-17)  for  the  single  value  of  the  angle  5 
of  defleotion  of  flow  there  correspond  two  different  p  values.  Experience  shows 
that  only  a  smaller  value  of  B  corresponds  to  a  plane  oblique  shock. 

Above, on  the  assumption  that  a  shock  occupies  an  intermediate  position  between 

^  - . . 

oharaGteristlcs  of  undisturbed  and  disturbed  fLovn^  there  was  given  the  formula 


(4-17a) 

. -i 

...  ,  0 . J 


■SK'.'f' 


brcp 


A  eonparison  of  this  foraula  with  the  accurate  expression  (A-17)  for  several 
Talues  of  ie  given  also  in  Pig.  4-5  •  The  curves  shovr  that  with  an  increase 
:  in  speed  before  the  shock  X  ^  the  divergence  between  results  of  the  calculation  b^ 
accurate  and  approximate  formulas  increase. 


Ml 


Fig.  4-5 •  Relationship  between  the 
angle  of  deflection  of  flow  and  angle 
of  shook  at  different  speeds  in 
undisturbed  flow  (for  k  “  1,3). 

~  accurate  foimila  (4-17); 

——  appvcxlmate  formula  (4-17a). 

The  magnitude  of  the  error  depends  also  on  5  . 

From  equation  (4-17)  it  follows  that  b  "Oat/}«o  and  atp  *  Thus,  the 

ALL  4i 

curve  S  X  8  (  0 )  has  a  asxiBium»  the  location  of  which  is  determined  by  the  ordin- 

I 

ary  method.  After  differentiating  equation  (4-17)  end  equating  the  derivative  to 

— . ;>  .1 

sero,  after  transformation  we  obtain:  i . 

.  )  (*+ 1)^*  +  (4-18) 

’where  P  is  the  angle  of  Cbllque  shook,  correspcnding  to  maxisum  angle  of 

.  /J7 


deflection  of  flow 

^  If  follows  froQ  this  that  at  1«  the  angle  ?  ^ »  and  at  «  the 

.angle  arcsin  {y^ .  •  For  intermediate  values  the  angle  with  an 

•Inerease  in  at  first  deoreases*  and  later  increases  somewhat* 

Equation  (4~lla)  makes  it  possible  to  trace  the  change  of  speed  of  flow  after 
the  oblique  shocl^  depending  on  and  fi  .  With  an  increase  in  p  (with  a  con- 
stant  ^))  decreases;  the  drop  of  speeds  in  the  shock  increases* 

At  a  certain  value  P  P.,^  speed  after  the  shock  beecmes  sonic  (M  “I)*  With 
a  subsequent  Inerease  in  p  the  flow  after  the  shock  will  be  subsonic. 

The  magnitude  p^  can  be  determined  by  equation  (A-Ua),  by  subf^Mtuting  ■>  1. 

i 

Then)  after  transfomatlons  we  obtain  i 

tw») 

Ws  note  that  at  M_  *  1,  the  angle  P-  •.  P«  *  f  ;  at  M  «  so  the  angle  p„  " 

X  *  B  2  X  * 

P,-.rc.ln  (y^STT),  | 

To  the  last  value  of  there  corresponds  the  maximum  angle  i  determined  from 

(^-17) »  A  «arcW-^i=rV  ' 


For  the  values  oq*  the  angle  p^>  and,  consequently)  ^2ii^ 

means  that  at  the  maximum  angle  of  deflection  of  flow,  the  speed  after  the  shock 

'^J 

will  be  subsonic.  SlncS)  however)  for  all  the  angles  p^  olosS) 

then  as  a  first  apprcadnatlon  it  is  possible  to  assume  that  the  maxiaun  angle  of 
deflection  for  each  value  of  the  apeed  of  an  undisturbed  flow  will  be  attained  at 
a  sonic  apsod  after  the  shook  1).  I 

W*  established  that  the  parameters  of  flow  after  an  oblique  shock  depend  on 
angle  of  the  oblique  shook  P  .  With  an  increase  of  p  )  the  pressure)  temperature) 

I 

and  denelty  of  the  gas  after  the  shook  inoreoss  (parameters  of  flow  prior  to  shook 
are  assuiaod  constant))  and  the  dlmsnslonless  speed  decreases.  The  angle  of  deflection 

I 

of  floW)  as  has  bean  indicated^  at  first  increases  (atp<  p^^))  and  then  it  decreases 


■  I or  fji'V'i: 


nl.Ki 


/n 


:(Atp>p). 

In  the  particular  case  P  *”  varlatlona  of  the  pareneters  In  the  shock  are 
found  to  be  naxijmoa,  and  the  angle  of  deflection  8  "  0.  Such  a  ehock  is  located 
normal  to  the  direction  of  the  speed  of  undisturbed  flow  and  is  call  a  narmal  shook. 

A  normal  shock  is  a  particular  ease  of  an  oblique  shock;  the  fundamental 
equations  of  a  normal  shock  are  obtained  from  formulae  (A**!!)  ^  (A^15)  after 
substituting  ^  X  . 

Variations  in  pressure  and  density  in  a  normal  shook  are  found  from  formulas 


^  '  l'- 


'The  ratio  of  the  temperatures  -*•  from  formula  (4-15) t 


(4-ai) 


(4-22) 


The  dimensionless  speed  after  a  normal  shook  oan  be  obtained  by  formula  (4**lla)i 
I  (V23) 

Al,s=  igr - *  • 

I 

or  by  formula  (4-llb) 


1. 


(4-24) 


(4-24a) 


Ns  see  that 

I 

to  the  SQuare  of  the  critical  speed.  Hence ,  first  of  all,  it  follows  that  speed 


,of  a  gas  after  a  normal  shock  is  always  smaller  than  the  oritioal  speed  (o  <  a„). 

. .  2 

Pormulas  (4-20)  —  (4-23)  show  that  the  intensity  of  a  normal  shock  in'sreases 

.  .1 

with  an  increase  in  speed  of  the  xindlsturbed  flow  M  (or  k.}*  The  ratio  of  the 
densities  at  the  maximum  speed  tends  to  a  finite  limit; 


.1  ... 


sr-..)/'  hiih'f 


srof’  • 


lim- 


*  +  « 


And  th«  r«tlo8  of  tho  proaiirta  and  t«aperatur«s  inoroasa  inflnlta]^. 

It  la  neoaasarjr  to  boar  in  mlnd«  homvor,  that  at  high  suporsonio  spoods,  ^en 
as  a  result  of  shocks  the  teaqperature  and  pressure  of  gas  Increase  very  intensive 
the  obtained  formulas  are  approximate,  since  they  do  not  consider  the  developing  de¬ 
pendence  of  the  heat  capacity  on  the  temperature,  the  dissociation  of  the  molecule^ 
and  deviation  of  properties  of  real  gases  from  properties  of  a  perfect  gas,  tho  state 
of  which  Is  described  by  equation  (1-1). 

Formulas  of  an  oblique  shock  can  be  transfomed  to  a  form  convenient  for  an 
analysis  of  the  influence  of  physical  properties  of  a  gas  (coefficient  J().  For 

this  purpose  we  shall  Introduce  the  dimensionless  speed  (  -  and  will  express 

2 

the  coefficient  of  the  Isontroplc  process  In  terms  of  the  maxianutt  speed  ^  ■* 


■ax 


After  replacing  k  In  equations  (4-1^)  and  (4"14)  by  its  val’na,  wo  obtalni 

J-  (4-13a) 

I? 


£l. 

Ft 


ns  (4-13)  and  (4-1 

•is!!- _ 1 

I  ^ 


and 


A- _ Sail- 

ri 


(4-14a) 


The  speed  after  the  shock  Is  expressed  by  the  equation  [fomu.U  (4-llb)] 

(4-nb) 

•i  *1 


where 


■^--1  , 
f  dif  i)“  inni  if 


As  Is  evident,  each  of  the  presented  formulas  contains  two  oofactors,  one  of 

which  depends  only  on  and  ^  and  does  not  depend  on  {c,  and  the  second  Is  a  function 

I  j  --j 

of  only  li.  I  ^ .  j 

I 

,  Suoh  structure  of  formulas  of  a  shock  makes  It  possible  to  evaluate  approximately 


III. 'I 


J30 


the  Influence  of  change  of  physical  proporiiee  of  a  gas  and  to  make  a  calculation 
of  the  parameters  of  an  oblique  shock  with  different  constant  values  of  k  • 

For  determining  other  parameters  of  the  shock  it  is  possible  to  use  obvious 
relationships.  Ratio  of. the  temperatures 

I— “ 

Angle  of  shook 

For  calculating  shocks  at  different  there  can  be  constructed  P2/P^  graphs 
depending  on  0  (or  8  )  and  j|{  (Fig.  The  influence  of  j£  can  be  evaluated  ^ 

vtlh  identical  P  or  A  *  A  oomparlaon  with  identical  ^  shows  that  with  a  decrease  , 
in  k  the  Intensity  of  the  shook  increases.  ' 

I  ,  ■  ' 

1  '  1 

4^3*  ahOQfc  PPlaEJtgRPMLl  I 

■  i 

The  relationship  bettmen  parameters  in  a  shook  can  be  presented  graphically  in 

I  'i 

a  very  convenient  form.  For  this  purpose  1st  us  consider  the  triangles  of  speeds 
in  a  shock  (Fig.  4-7) •  ^ 

We  shall  locate  the  vector  of  speed  |)rlor  to  shock  o^  along  the  x  axis  (sector 
OD).  The  sectors  OF  and  FD  are, respectively,  the  tangential  c.  and  the  normal 
c^^  components  of  speed  prior  to  shock.  Ry  knownlng  the  angle  of  deflection  of  flor 


1 1  we  draw  the  line  of  the 


. . ,  ehook.  4 

speed  vector  after  the  shook  o.  up  to  the  intersection  with  section  FD.  The 

,  m 


-  SThe  formulas  are  given  by  N.  ?.  PoUkovsIdy.  ' 

'  0 .  .  ,  f  . . . . .  0 

lift  If'  f'lt/ii;'  .•rc.'f’  HIM 


I  Y  , 


'  lnt«r8«etlon  point  (point  E)  determinos  value  of  vector  c^,  and  the  sector  EF 
;  expresses  nomal  oonponent  of  the  speed  after  the  shook. 

I 

The  speed  vector  o,  can  bo  presented  by  twj  other  oonponents:  u  and  v  .  The 

*  mm 

ooo^omnts  snd  V2  are  projections  of  onto  the  direction  of  speed  of  flow 
before  the  shook  and  onto  the  normal  to  this  direction. 

V§  shall  find  the  equation  of  the  curve  desorlbed  by  the  end  of  speed  veotor 
after  shook  with  a  constant  value  of  the  speed  veotor  before  the  shock  and 
variable  values  of  angle  of  change  In  direction  of  flow  after  shook  S  . 

I 

In  expressing  this  equation  In  form  of  a  relationship  between  and  v^,  ws 
shall  obtain  a  curve  of  speed  after  shook  In  the  plans  of  holograph  of  speed. 

For  obtaining  the  sought  relationship  ws  use  the  fundamental  equation  of  an 
j oblique  shook  (4-5) «  After  substituting  In  this  equation  the  values  o^^^  and  e^ 

I  from  fomulms  (4-12),  we  obtain: 

I  t 

;Slnoe  (Fig.  4^5) 

I  Mi  transform  equation  (4-25)  to  the  following  form: 

I  s  J  cos^  Pn  V*  p  — •  c,o,  TavP  !=i  o|  —  cos*  p. 


Henoe, 

I 

we  obtain: 

Finally, 


bearing  In  mind  that  __ 

cos*  P  =a|-qpj5TJ*  , 

1 

e\  (c,  -  M,)*  ~  ff,  (0,  -  «,)  (yj + (r,  -  «,)•) = 
“1)*]  <?K- 


I  .  .  0.  _ 

0,  «»  (c,  —  tt  Ji  - - ^ 

■  «:  '2 


(4-26) 

I  Curve,  oorresponding  to  equation  (4-26),  presented  In  Fig.  4-6,  Is  called  ^ 

ihqok  polar.  The  curve  belongs  to  a  class  of  hypoclssolds .  Shook  polar  can  be 
....  •  <1 
^dely  used  for  calculating  oblique  shooks  by  the  graphoanalytioal  method  end  for 

isoertalnlng  certain  peculiarities  of  such  shocks. 

1 

*  Mi  shall  turn  first  of  all  to  the  limiting  values  v^,  being  given  by  equation 


SI.."'!'  h[l-:i 


SU'i'  II: 


(W6). 


It  if  r««dil7  »««n  that  ->  0  at 


«*=«,• 

Tha  first  oaaa  (u^  *■  o^j^)  oorrasponds  to  a  ahooklasa  prooass}  an  oblique  shook 
Mmva  transforms  Into  a  wavs  of  uaak  dlsturbanoa  (oharaotarlstle).  Tangants  to 

4  4.  44  444.  44M.  .  M  4  4  4  m.  4  I4  44.  .  4 


hypooissold  at  tha  point  D  are  located  at  an  angle  a^  ■  arosln  -  to 


the  vector  o. . 


<  iv'  j  1'  U 1"  w 


Fig*  iH3«  Shook  polar  In  plana  of  hodograph.  | 

Ms  note  that  this  point  Is  siuultaneousljr  a  point  of  tha  diagram  of  oharaotarlstlos 

and  the  shook  po^ar  hare  transforms  Into  an  aployoloid.  | 

Seoofid  ossa  oharaotsrlses  tha  transition  of  an  oblique  shook  Into 

a  normal  shoolq  the  angle  of  which  S  "  |  •  Point  A  oorrasponds  to  this  oa.ia  in  the 

*  I  I 

hypooissold*  I  | 

1 

,  From  aquation  (4*26)  it  follows  that  v  oan  be  ravertad  to  infinity  at 

I  '  *  .  i 

I  It  la  obvioua  that  branohas  of  tha  hypoolaaold  aaymptotloally  approach  tha 

a*  '  ' 

straight  line  drawn  parallel  to  the  x  axle  at  a  dlstanoo 

from  the  origin  of  the  coordinates.  Thsss  branohss  have  no  physioal  SManlng,  slnos 

' . 5  '  5 . I 

thsy  glvs  valuss  of  ths  spstd  aftsr  ths  shook  (point  E  In  Fig.  4-3)  larger  than 

r .  ■'  I  3  '  ' 

prior  to  shook.  A  shook  of  rarsfaotlon  would  eorrsspond  to  suoh  oondltlone*  but 

shocks  of  rarsfaotlon  cannot  sxiat.  E|jr  di^oardlng  ths  outer  brsnohss  of  hypooissold 

r  -  I  ,  I . , 

|Sa  phyeloally  unreel  (see  below),  ws  note  that  ths  shook  polar  within  tha  limits 

.',1  I,  ; 


13^ 


IbatMion  «xtr«m9  points  A  and  D  glTSs  two  raluss  for  spaed  Tsotor  after  the  shook. 

fiRyr  II, f.r  ii.r, 

I  I  Usually  plane  shocks  are  realised  at  ralues  of  the  speed  Teotor  of  flow  after 
'a  shook  corresponding  to  the  points  E.  (kig*  4"‘9*a).  The  second  raluo  of  speed 

m 

I 

corresponding  to  the  points  V  In  a  plane  shook  nay  be  realised  only  under 
special  conditions.  , 


'  Fig.  4-9*  dsparatlon  and  distortion  of  ootspresslon  shook. 

I  Ml  now  oonslder  a  supersonic  flow  of  gas  along  the  wall  LBO  (Fig.  4“ 9a) 

j  gradually  Increasing  the  angle  of  deflection  of  flow  h  (angle  of  change  in  direct  ion 

I  of  wall  at  point  B).  At  snail  values  ot  i  ,  close  to  aeroi  the  disturbance  of  the 

I  flow  Is  sbmlLX  and  speed  after  the  shook (o^)  Is  close  to  the  speed  prior  to  shook 

I  According  to  the  degree  of  increase  of  A  •  point  (Fig.  4-’9»b)  Is  displaced  along 
1  * 

I  the  shook  polar  from  D  to  where  the  point  £  gives  a  speed  after  the  shook  ^  ^ 

I A  subsequent  very  small  Increase  In  }  brings  the  flow  after  the  shook  to  a  state 
{detenslned  by  point  K«  Here  the  flow  after  the  shook  already  Is  subsonic  ()L<  1) 
land  }  will  attain  the  naxluua  value  "J  | 

I  In  Fig.  4-10  there  is  presented  flow  around  a  wedge  by  a  supersoiilc  flow.  ^ 
Ilf  the  halfHiperture  angle  of  wedge  t  is  less  than  5  ^  for  a  given  speed  then 
I  on  the  tip  of  wedge  there  will  oocur  two  rectilinear  oblique  shocks  t  AB  and  AB^,  ^ 
'forming  the  so-called  head  shock  wave  of  wedge.  | 

I . . . with  a  subsequent  Increase  of  the  angle}  >  the  shook  emerges  froui  forward 

^polnt  imd  it  is  distorted  (Fig.  4-9* o).  This  is  explained  by  the  faot  that  the 

r-"  :i  I  -1 

lapeeds  of  the  propagation  of  the  disturbances  become  higher  than  the  speed  >f  flow* 
^Actually,  by  increasing  the  angle  of  change  In  dlreotlon  of  wall  (  ,  we  thereby 


,WOf'  Hllkt: 
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lncr««S0  the  conpreeslon  of  flow,  l.e.  lie  pressure,  density  and  tenperature.  At 
the  sane  tiflM  also  the  speed  of  propagation  of  dlsturbanoes,  equal  to  speed  of 
sound  of  disturbed  flow  a^  '*  )c£^T2i  Inoreases.  At  6  >6^  this  speed  t)eeoioes  higher 

than  the  speed  of  the  flow  and  therefore  the  dlsturbanoes  penetrate  forward  along 
the  flow.  However,  with  distance  frosi  the  wall  BO  (Fig.  4-9, o)  the  pressure,  den¬ 
sity  and  temperature  decrease  at  the  same  time,  the  speed  of  progagatlon  of 


Fig.  4-10.  Flow  around  wedge  by  a  supersonlo  flow, 
disturbances  will  deorease.  At  a  certain  dlatanue  fron  the  vrall  there  will  ooour 
the  loous  of  points  PQ  (Fig.  4-9, e).  In  whloh  the  speed  of  propagation  of  dleturb- 
anoes  decreases  to  the  speed  of  the  flow.  Obviously,  beyond  the  Uodts  of  this 
surface,  the  dlsturbanoes  oaused  by  wall  oarmot  penetrate,  since  they  will  be 
moved  forward  by  the  flow.  The  surface  PQ  separates  the  lone  of  undlstubed  flow 
from  aone  of  disturbed  flow  and  It  Is  the  receding  shook  wave. 

Oonseq;uently,  If  then  the  plane  oblique  shook  alternates  with  a  curved 

shook  (4-10),  that  Is  located  not  at  the  tip  of  wedge  but  at  a  oertaln  distance 
before  It.  This  dlstanoo  depends  on  speed  of  undisturbed  flow  and  ft  *  With  an 
Increase  In  1^,  the  shook  approaohes  the  tip  of  body.  With  an  Increase  of  angle  of 
def lection  at  ft>ft^  the  shook  withdraws  from  the  body.  j 

The  flow  around  rounded  tip  of  body  by  a  supersonlo  flow  always  will  ooour  with 

•  I '  ,1  ' 

the  formation  of  a  ourved  bow  wave,  detached  from  the  tip,  and  the  distance  between 
wavs  and  tip  for  central  line  of  flow  will  depend  on  the  speed  and  on  the  shape 
of  the  tip.  I 

"  ■  '  I  ' . ■■■■' 

Wi  note  that  at  ft  ft  the  flow  after  the  shook  la  subsonic  and  Is  soetewhat 


l«sa  than  unity  (point  K  In  Fig.  4-9>b).  Slnoa  for  a  noutral  Una  of  flow 

j  .  i  ;  ' 

branching  at  point  A  (Fig.  A-IO)!  ^  |  5  •  0^  than  alamont  of  tha  shock  Intar- 

•aeting  this  line  oiuat  ba  a  straight  Una*  Tha  spaed  of  flow  after  alemant  of 
direct  shook  will  be  dstarmlnad  by  point  A  on  shock  polar  (Fig.  4-9b).  The  flow 
after  tha  shook  on  this  line  of  flow  is  always  subsonic* 

All  sectors  of  the  Shooks  except  tha  central,  are  located  at  different  angles 
to  the  vector  of  speed  of  undisturbed  flow  * 

In  considering  such  a  distorted  bow  wave,  consisting  of  large  number  of  small 
raotlUnaar  elensnts,  one  may  be  convinced  that  as  tha  distance  from  tha  central 
Una  of  flow  increases,  the  angle  of  slope  of  elements  of  shook  increases. 

Here  it  Is  possible  to  use  a  shook  polar  for  calculating  the  flow  after  the  shook 
i  for  each  streamline  Individually.  To  the  sector  of  bow  wave  KL  there  correspond 
points  of  the  shook  polar  from  A  to  in  which  speed  ■  1*  In  this  sector  the 
flow  after  the  curved  shock  will  be  subsonic.  Consequently,  if  the  bow  wave  Is 

I 

detached  from  body,  then  In  a  certain  region  adjacent  to  tip  of  body  the  flow  will 
be  subsonic  (this  region  In  Fig.  A-lOfb  la  haehured),  and  the  lines  of  flow  here 
wlll/Mve  a  different  curvature.  At  various  points  after  the  shock  the  pressures 
will  be  different. 

With  Increasing  distance  from  the  point  there  decreases  the  elope  of  shock 
elemente  and, at  the  same  tlme^the  shook  intensity  deoreasee.  At  a  certain  point  L 
the  speeds  after  the  shook  become  eonio.  Above  this  point,  the  state  after  the 
shook  Is  determined  by  the  sector  of  shook  polar  from  r  to  D.  At  an  Infinite  distance 
from  the  body,  a  curved  shook  degenerates  into  a  weak  wave  of  oompreselon  to  which 
the  point  D  on  shock  polar  corresponds. 

I  ' 

Thus,  if  there  occurs  a  distortion  and  separation  of  shook  from  tip  of  body, 
then  each  point  of  shook  polar  oharacteriaas  the  state  after  the  shook  only  for  one 
line  of  flow,  and  not  for  entire  region  of  flow,  as  takes  place  In  the  case  of  a 
plane  chock.  Consequently,  not  one  point  of  the  hypocleeold,  but  Its  entire  b.'anoh 

I  ;  Is  :  1'  :  ;  -  ■ 


AD,  corresponds  to  a  curvllinsar  shock* 

In  the  Table  t^-l  values  for  two  val,ue8  of  k  =  1*4  and  1.3  are  presented,  ITie 
II  ^  values  depend  on  (  A^)  number  and  the  physical  properties  of  the  gas  (1^) 
and  they  may  be  determined  by  equation  (4-17)  under  the  condition  of  substituting 

in  it  P  "  9  tr<m  equation  (4- ID). 

■ 

TABLE  4-1 

Talues  of  Kaxlnum  Angles  of  Deflection  of  Flow  in 
a  Plane  Oblique  Compression  Shock. 


*•1.4 

*-1.1 

■■1 

*  =  1.4 

*- 1,3 

•m 

■ 

Vi 

1 

0 

0 

1.7 

25*iy 

24*42' 

19 

S’lS* 

6*14' 

1.8 

28*65' 

28*18' 

1.3 

9*4 1» 

Q'ao' 

1,9 

32*00' 

31  *30' 

1.4 

13*65' 

13*24' 

2,0 

35*00' 

34*18' 

1.3  ■ 

ll'OO* 

17*30' 

2,2 

40*16' 

39*40' 

2i*4l' 

21*18' 

2.4 

46*00' 

43*60' 

4-4*  Variation  of  Entropy  in  Shook. 


As  it  is  known  from  thermodynamics,  for  an  elementary  process  without  heat 
exchange  with  the  environment,  taking  place  in  a  perfect  gas,  the  change  of  entropy 


is  determined  by  the  equation 
since 


it 


niL  • 

^  P  ' 


then 


df  ^41.  A 

^  r  * 


By  integrating  this  equation,  we  obtain 


or 

t  - - ) 

I  .  0 


(taft+Mni). 


i  . 
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(4-27) 
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For  «  revorsibla  (laentroplc)  proooss  As  0  ond 


hflLY^l  I 

Ife  shall  sxamlne  how  the  entropy  varies  during  a  transition  through  a  shock 

wave.  After  elljnlnating  from  equations  (4-13)  and  (4-14)  sln^f),  we  obtain: 

I  *4-1  ^  , 

Alga  *—>*>1  (4-28) 

Pi  h _ 

ft 

Gy  making  a  oalculatlon«  It  Is  readily  verified  that  for  a  compression  shock 
for  which ^>1,  always 


and,  consequently,  according  to  (4-27)  in  the  transition  through  a  shock  the  entropr 
of  the  gas  Increases . 

An  increase  of  entropy  during  transition  through  a  shook  Is  explained  by  the 
irreversible  character  In  the  change  of  state  of  gas  In  the  shoeh^by  the  "shock" 
character  of  the  process*  As  a  result  of  such  a  process,  part  of  the  kinetic 
energy  of  gas  Irreversibly  changes  Into  heat}  If  there  Is  no  energy  exchange  with 
the  environment  the  Internal  energy  of  ths  flow  Irreversibly  increases.  The  curve 
characterising  the  process,  proceeding  according  to  equation  (4-28),  Is  called  the 
shock  adlabat* 

For  expansion  shook  -—<1  obtain  As  <;;  0,  which  is  impossi- 

blw  it  there  Is  no  energy  exchange  with  the  environment,  since  it  contradicts  the 
second  law  of  thermodynamics.  It  follows  from  this  that  an  expansion  shock  cannot 
appear  in  a  flow  without  energy  exchange  with  environment,  since  this  would  con¬ 
tradict  second  law  of  thermodynamics.  It  follows  from  this  that  an  ejqpansion  in  a 
Chapter  3,  in  a  supersonic  flow  the  wave  of  rarefaction  with  continuous  drop  in 
pressure  is  an  absolutely  stable  phenomenon;  entropy  in  the  transition  through  such 

i 

wave  la  kept  constant. 

. .  i  5  .  , 

.  The  change  of  entropy  In  a  compression  wave  can  be  expressed  In  terms  of  the 

parameters  K  and  P  by  pubstituting  in  equation  (4-27)  Pi  and  per 

formulas  (4-13)  and  (4-14);  than  , 

.  .1 
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A*= In  [  Afjsln*?  -  l)x 

j*  (A^9) 

Bquation  (4-29)  biak«s  it  posslbls  to  ooncludo  th*t  a  ohong*  in  ontropy  in  an 
oblique  shock  depends  on  speed  of  the  undisturbed  flow  end  angle  of  the  oblique 
shock  p  .  With  a  constant  speed  the  entropy  in  the  transition  through  shook 
Tsrles  in  accordance  with  the  change  of  angle  P  •  If  the  shock  is  rectilinear  and« 
consequently,  along  the  shock  p.  aalntalns  a  omstant  ralue,  then  for  all  lines  of  ^ 
flow  crossing  the  shock  the  change  in  entropy  will  be  identical.  If,  however,  the 
shock  is  curved,  then  the  increase  in  entropy  for  each  line  of  flow  will  be  different, 
since  along  the  shook  the  angle  p  varies.  This  aeans  that  after  curved  shook  the 
flow  will  be  vortical;  after  a  normal  shock  the  flow  remains  potential. 

Of  using  equation  (4-28),  it  is  possible  to  consider  the  change  of  state  of  gas 
during  transition  through  a  weak  shook.  87  assuming  Pi^p,  p,s=p  and  that  the  pres- 
sxu«  and  density  in  the  shock  change  by  an  infinitesimally  small  value,  l.e*^ 

P%^P+dp\  = 

trm  (4-28)  we  obtain: 

Hence,  by  disregarding  infinitesimally  small  terms  of  second  order,  we  arrive 
at  the  equation  of  the  isentropio  process t  ^xszk^,  I 

■  *  t 

Thus,  the  change  of  state  in  a  shock  of  infinitesimally  small,  intensity  (weak 
shook)  is  Isentropic.  ! 

. 5  !  5 . 1 
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‘  4-5.  Compression  Shock  Losses.  Contruotinw  the  Process  on  a  Total, 

Heat-Bntropy  (i-s)  Piaaram.  Compression  Shooks  in  a  Real  Qas^ 

. . ;  2 . -H 

Ws  now  consider  in  greater  detail  the  energy  transformations  in  shocks.  In 

m 
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Mtmliig  a  flaw  without  mh  anorgy  axehanga  with  tha  anvironaant,  wa  eoncluda  that 

hK:i  I,',-  I'.'i 

tha  total  anargjr  of  flow  during  transition  through  tha  shook  doss  not  ohanga.  This 
assns  that  4  i  k  p. 


_ *  ‘5  _L_t.  h 


or  by  using  paramatars  of  total  stagnation, 

U%  hi 


(4-30) 


Condition  (4-30)  ean  ba  raplaoad  by  an  aq*aivalant  condition  of  oonatanoy  of 
anthalpy  of  atagnation  during  transition  through  a  shook: 


H  ,  i  k '  » ,*  *..  *  •  i  I J t 


or  at 


r^*=sconst;  1 


(4-30a) 


(4-30b) 


!  By  baaring  in  aind  thasa  conditions,  lat  us  eonaidar  tha  prooass  of  a  ahook  in 
Ian  l-s  dlagraa  (Pig,  4-11) •  By  knowing  prassura  of  stagnation  prior  to  shook 
and  tha  anthalpy  of  stagnation  i^,  wa  shall  find  in  tha  i-s  dlagraa  tha  point  0^, 
eharaotarialng  stata  of  an  isantropieslly  stagnated  gas  prior  to  shook.  By  tha 
known  spaad  of  flow  prior  to  shook  or  tha  prassura  p^  wa  find  tha  point  D,  which 
datarmlnas  tha  stata  of  aoving  gas  ahaad  of  tha  shook.  In  a  shook  tha  statio  pras- 
sura  of  tha  flow  Inoraaaea  to  p^.  If  thara  is  known  tha  angle  of  daflaotion  of 
flow  and,  consaquantly,  P,  than  tha  stata  of  tha  gas  behind  tha  shock  is  defined 
(point  in  Fig,  4-11),  slnoa  by  forwula  (4-29)  thara  oan  ba  found  tha  inoremant  of 
entropy  ds*.  Hs  note  that  tha  Una  oonnaoting  points  D  and  in  Fig*  4-11  does 
not  oharactarisa  tha  ohanga  of  state  of  gas  in  a  shook,  slnoa  in  a  total  haat-antropy 
dlagratt  the  nonquasistatlo  prooasaas  oan  ba  prasantad  only  by  tha  initial  aid  tarn- 

1 

Inal  points  of  tha  prooass.  > 

If  tha  flow  liahlnd  tha  shock  is  isantroplcally  stagnatad,  than  the  sta':>a  of 


*A  perfect  gas  is  oonsldored. 
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Fig,  4-11*  Cimprttsslon 
■hook  in  ft  thamftl  dlftgrftn. 
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Fig*  V^*  Loftft  fftotors  ftnd  thft  rft- 
Ifttioki  of  fttftgnfttlon  prooturoft  in  ft 
•hoel^  dftiMndiug  on  the  cnglo  P  ftnd 
th«  ftpoftd  of  undlfturbftd  flow. 
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!  if0t4l  ttagnAtlon  is  oharaotozi  *«d  tjy  th«  point  at  whloh  ihoro  roadiljr  Is  found 

I  (T.r  M,  * 

,  the  value  p^^.  If  Me  now  grant  the  flow  the  posslblUt/  of  being  Isentroploally 
:  expanded  down  to  pressure  before  the  shook,  then  its  state  will  be  deterstined  by 
point  8*2*  speed  of  gas  here  can  be  oaleulated  by  the  equation  of  energy: 

|Wherei^,.le  the  isentropio  drop  of  the  enthalpies  behind  the  shook* 

The  aagnitude/ffi  oan  be  considered  as  the  sum 

Where  H  is  the  kinetic  energy  of  flow  behind  shook: 

^  Mi:;.;  t  (,'■'■  Mi'll,'  u  e=s.^  •  I 

is  the  change  of  potential  energy  of  flow  in  the  shook: 

i  I 

- 3i - • 

'  It  is  obvious  that 

1 

, Where  is  the  isentropio  drop  of  enthalpies  before  shook* 

The  losses  of  klnetio  energy  in  the  shook  will  be: 

4  A  ^  (cj cj ), 

where  Ah  readily  is  determined  by  an  total  heat-entropy  (i-s)  diagram  as  the 
I  difference  of  tho  enthalpies  i^  -  i^* 

The  loss  of  energy  is  readily  associated  with  the  main  parameters  of  the  shook. 

a—f 

Ws  shall  express  /f,.  &! f  i  1  / 


4=.' 

«  ^  Ak  Pm\  i  \  *  1__/ 


Consequently, 


since 


f tt  11  « 

T*»  Tm 

Wb  shall  introduce  the  oonoept  of  loss  factor  of  energy  in  a  shock: 

.... 


(4-31) 


1 (4^32) 


.then  after  substituting  and  we  obtain: 


sr;ir  HK'.' 


(4-33) 
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or  by  Mono  of  (2-21) 


(4-33*)* 


Th*  ratio  SxSmmt  oharaotarlBOK  th«  ohan^  of  praasura  oi*  total  atagnation 
in  a  ahook.  Thla  aiagnitude  oan  ba  praaantad  aa  a  funotlon  of  tha  paraaatara  of  a 
shook  and  . 


Slnoa 


in^lLlss^ 

Pi  Pi  Pi  * 


than  from  (4-13)  and  Tabla  2-1  wa  obtain:  ^ 

'  5f-r¥{  (i=T  "I  «'»•:- ')(' + 

Hanoa  by  naana  of  (4-lla)  wa  obtain: 

(riT)*^<^****’W*^ 
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v*=I 


(V-34) 


(4-35) 


fin*  ”  (r^  Af|  •In*  f  —  I J 

M  praaant,  dapanding  on  tha  aama  paraamtars  of  tha  ahook«  tha  loss  faotor 

in  tha  ahook  C«,  by  using  formulas  (4-33)  and  (4-35): 

[(*^)  ***'*  P  ~  )  X 

Aftar  raplaoing  tha  nuabar  by  1  ^  in  formula  (2-21),  ua  shall  obtain  a 
ralatlonahip  in  tha  form  of: 

In  rig«  4-12  thara  is  praaantad  a  graph  of  and  in  an  obliqua  ahook^  da¬ 
panding  on  tha  angla  p  and  dlaNnalonlass  spaad  of  undisturbad  flow  4^  for  )$.  •-  1.3. 
nrom  tha  graph  it  is  olaar  that  tha  loss  faotor  intanalvaly  inoraaaaa  with  an  In- 
oraaaa  in  tha  angla  of  obliqua  ahook  and  with  an  Inoraaaa  of  spaad  attaining 
a  maximum  at  ^ . 


1  'L(nonaal  shook). 
2 
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*From  formula  (<^33a)  it  follows  that  tha  loss  faotor  C«-«0  mt  X.»l.  If 
^1 "  \max  "  (4-33a)  glvaa  an  Indatamdnatlon  wlUoh  raadily 

is  axpandod.  '  i  - 
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I  During  flow  around  a  body  by  a  superaonlc  flo\bofor«  body  th«ro  appears  a 

;  HRS1  ["  I  'i  '  * 

•hook  wave  (oooqpresslon  shock);  during  transition  tlu’ough  this  wavei  the  entropy 

I 

of  gas  inoreasas,  and  the  speed  deoreasea. 

.  I 

Thus,  In  a  superaonlc  flow  of  an  Ideal  fluid  there  appears  a  special  form  of 
resistance  —  wave  drag,  depending  on  the  looses  in  shocks  and  con8equent]:y  on 
the  fora  and  intensity  of  the  shocks.  As  we  have  seenf  the  form  of  the  shook  and 
its  Intensity  depend  on  the  shape  of  the  body  and  speed  of  the  stroaallne  flow.  In 
; considering  that  with  a  decrease  In  the  angle  of  deflection  %  (a,  consequently, 
and  p )  losses  in  the  shook  decrease,  it  may  be  concluded,  that  cuspate  bodies  in  a 
supersonic  flow  should  possess  a  smaller  resistance  than  round  bodies . 
j  The  change  of  losses  in  shocks  depending  on  their  Intensity  can  be  traced  in  a 

,  thermal  diagram.  The  construction  of  a'bhook  polar"  in  a  thermal  diagram  Is  con- 

I  a 

,Tenlsntly  made  in  the  following  manner. 

According  to  the  parametera  bafore  ahook  p^  and  T^  we  find  the  point  D  (Fig. 

4-13)  and  at  a  known  speed  the  point  0^^.  Ws  are  given  a  number  of  values  of  p 

from  p  -  «■  arosin  ^  to  0  For  eaoh  valus  of  p  we  determine  and  ^  ,  and 

plot  on  the  total  heat-entropy  (l-e)  diagram  the  points  E'^,  S"2)*te.jUp  to  point 

A,  which  corresponds  to  a  ncrtnal  shook.  The  looua  of  these  polnte  gives  the  state 

of  gas  in  total  heat-entropy  coordinates,  corresponding  to  a  shock  polar.  We  note 

that  ths  obtained  curve  should  be  tangent  to  line  of  ieontroplo  change  of  state  0]^D, 

sines  during  infinitesimally  small  dlstxirbanoss  of  the  flow  the  entropy  of  the  gas 

remains  constant. 

For  each  point  of  curve  (for  example,  £"  )  there  readily  ere  determined :  the 

Ac!  '  ^ 

kinetic  energy  behind  shock  ,  the  change  of  potential  energy  In  shook 

^  r 

f/^^  and  the  losses  of  kinetic  energy  Ah.  At  ths  same  time  here  one  can  determine 

.1 

_  _ _ _  I 

SThe  corresponding  curve  in  the  total-heat  entropy  (i-s)  diagram  can  bo  called 
a  "shock  polar"  only  conditionally,  since  it  is  not  a  vector  curve.  The  pruisented 
construction  is  valid  for  an  ideal  gas. 
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Fig.  4-33*  Oonstruatlon  .in  thtrmal  dla- 
gtam  of  Um  of  oh«ngt  of  stoto  of  gat 
eorroiponding  to  a  ihook  polar. 
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alao  all  tha  paraiMtart  of  th«  •hooki  p^,  g,  a  and  tharabgr  oonaldarablgr 

to  aupploiMinb  thi  shook  polar  oonstruotsd  in  ths  plans  of  ths  hodograph.  In  ths 
plans  of  hodograph  ths  shook  polar  givss  a  kinsoatlo  ploturs  of  ths  flow  (vsloolty 


flsld)|  in  a  thonoal  diagram  vs  obtain  ths  oharaotsrlstlo  of  ths  snsrgjr  transfomn 
ations  in  a  shook  snd  variations  of  paraostsrs  of  ths  flow.  0ns  11ns  DA  thsrs 

rsadlljr  is  found  also  point  £,  oorrsspondlng  to  ^  -  1.  For  this  purposs  ms 
jihall  oaloulats  ths  orltloal  drop  of  ths  snthalplesx 


H 
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and  MS  shall  i^ot  it  from  ths  1^  <■  const* 

Ths  oharaotor  of  the  obtained  ourvOf  turned  oonvexly  toward  the  l^axia«  olsarly 

•hoWs  how  intensively  the  losses  increase  with  an  increase  of  fi  and  with  approach 
toward  a  normal  shook. 

For  calculation  the  shook,  it  is  found  very  convenient  to  use  special  diagrams. 


;  Sfioh  dlagrana  n«k«  it  9ikny  to  detornino  oharaotaristlea  of  a  ahook  on  tha  basis 

;  f'v; 

!  of  two  givon  paranMitors.  In  tha  supplsnsnt  thsro  art  giran  diagrams  of  obUqus 
Shooks  for  ■>  1.3  and  j£  » 

Tha  nsthod  of  using  a  diagram  of  oblique  shocks  la  axplalnad  In  Fig.  A-1^.  In 
upper  right  quadrant  of  diagrama  there  are  plotted  the  graphs  a-'KnB/vJ'—'-ltf^oorre- 
sponding  to  different  but  constant  values  of  spaed  before  shook  i,.  On  each  ourvs 
there  is  inscribed  the  value  x,;  in  parentheaesa  there  Is  indicated  tha  magnitude 
expressed  bj  the  given  curve.  In  left  upper  quadrant  there' are  presented  graphs 

for  different  but  constant  values  of  In  lower  left  quadrant 
them  la  given  the  dependence  of  ratio  of  temperatures  in  shook  on  speed  behind 
shook  >|tL » f  .  In  the  lower  right  quadrant  there  are  drawn  curves  of  loss 
factors  of  energy  in  shook  *uid  the  recovery  factors  of  the  pressures 

'•’"’••(ft  Thus,  as  a  parameter  for  all  curves  of  tha  diagram  there  was  selected 
.the  speed  of  flow  before  the  shook  x^» 

Ml  shall  explain  In  an  example  the  method  of  using  the  diagram.  Mi  assume 
that  we  know  the  angle  of  defleotiont  of  a  line  of  flow  and  speed  of  flow  before  the 
shook  On  the  curve  ai.wij(J)  we  find  the  point  A  oorrespondlng  to  the  given  val¬ 
ue  of  X,.  By  projeotlng  this  point  onto  the  horlsontal  axis^  we  shall  find  at 
point  A^  the  angle  of  the  oblique  shook  h  .  On  ourve  corresponding  to  the 

same  value  x,,  'we  obtain  the  point  A^,  whioh  detanuines  tho  ratio  of  the  densities 
hlti-  Knowing  x,  end  i.*  on  ourve  «->s,(X,)  in  the  left  quadrant  we  find 
the  point  whioh  determines  dlmeneionless  speed  behind  the  ehook  X,.  Pro¬ 
ceeding  with  the  earns  value  of  X,  to  the  ourve  ,  we  obtain  at  point  the 

ratio  of  preeeures  in  the  shock  At  point  C  on  the  ourve  y^.>r(X,)  we  determine 

the  ratio  of  the  temperatures  ^  .  By  projecting  the  point  A  onto  the  lines 

C«>»C(f)  and  — 1,(9)  at  points  and  ^2$  we  shall  find  the  values  of  ths  ooefflclsrt 

*A.  Ye,  Zaryankin  calculated  the  shock  diagrama, 

1  '  ■  ; 
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Fig.  4~I4«  Hithod  of  using  diagram  of  obllqut  ahooks. 
of  onorgy  losaoo  and  tha  praoaura  racovory  factor.  Tha  oonaidarad  diagram  makaa 
it  poaaibla  to  oaloulata  tha  shook  by  any  tiro  paranatara.  Thusi  for  axinpla,  tha 
glvan  paramatars  may  ba  and  and  i;  I  and  ;  ^  at  catara. 

Tha  thamal  diagram  is  oonvanlant  for  oaloulatlng  a  oonprasslon  shock  in  a 

rsal  gas  andj  in  particular,  in  moist  vapor  and  dlaaoolatlng  air.  Paramatars  of 

tha  flow  bafora  tha  shook  and  tha  angla  of  daflaotion  in  a  ahook  usually  ara  knoim. 

Bolng  given  a  number  of  values  of  tha  ahook  angla,  it  la  aimpla  to  find  tha 

corraaponding  valuas  of  normal  componanta  of  tha  spaad: 

f.eoip, 

<‘•11  •"  • 

By  tha  fUndamantal  aquations  thara  ara  datarmlned  paramatars  be¬ 

hind  tha  ahook  ^2^9  P2j,  *nd  apaoifio  roluma  corraaponding  to  tha  currant 
value  Tha  aought  solution  can  ba  found  on  a  total-haat-antropy  (1-a)  diagram  at 
tha  point  of  Intaraeotion  of  two  curves,  one  of  wiiioh  la  oonatruoted  on  the  baale  of 


the  paramatera  1^^,  pg^^,  and  the  aecond  by  i^^^,  v^j^  (Pig.  4-13, a).  From  the  diagram 
are  taken  the  values  of  I2,  P2»  ^2;  real  slope  angle  of  tho  shock  is  detormlned  by 


;tha  fonmtla 

I  Ml- .'.'I  ii'  ■  -  I  ' 


«h«r«  '•"ijj'  . 

This  problem  !•  solved  by  neane  of  an  auxiliary  graph,  on  which  there  will  be 
plotted  the  eurve#  and  (Pig.  4-13b).  fbr  conatruoting  the  second 

ourve,  it  ia  necessary  on  a  total-heat-'entropy  (i-s)  diagram  to  convert  from  values 
p^  and  i^  to  valuea  v'^*  The  solution  is  obtained  at  the  point  intorseotlon  of 
these  curves,  whore  there  are  determined  v^  and  0  and  correspondingly’  all  the  re¬ 
maining  parameters  behind  the  shook.  In  particular,  the  speed  behind  the  shock 

I 

'  I 

I 

'  4-6.  Intersection  of  Shooks . 


Nb  now  consider  oertali'i  practically  important  oases  of  the  interaction  shocks* 

I 

Two  oonseoutifs  changes  In  direction  of  wall  AOCD  (Pig*  4-15, a)  at  angle  t 
result  in  the  formation  of  the  two  oblique  shocks t  BK  and  OK.  The  angle  of  the 
second  shook  sinoe  after  the  first  shook  the  flow  has  a  speed  As 

a  result,  the  shocks  intersect  at  point  K.  After  the  intersection  point  both  shooks 
sMrge  into  one  shook  KF.  The  streamline  intersecting  a  system  of  two  shooks  is 
deformod  as  it  turns  at  points  b  and  ^  at  an  angle  2;  at  ths  Jntsrasotion  of  the 
ehooks  the  speeds  of  the  flow  decrease  end  the  pressure  irtcreases  Intermlttantlp. 

Considering  the  etreamllnc  KK  and  asaundng  that  penetration  of  part¬ 
icles  of  gas  from  region  4  into  region  3*  and,  oonvereely,  from  region  3'  into 
region  4  does  not  occur,  it  may  be  concluded  that  in  the  indicated  regions  the 
pressures  and  directions  of  the  speeds  should  be  identical  (a  transverse  pressure 
gradient  la  absent).  But  if  it  is  assumed  the  direction  of  the  streamlimi  behind 
shook  KP  is  the  same  as  behind  the  second  ahock  CK,  l.a.^that  the  total  d«if lection 
of  the  streamline  amounts  to  23  ,  than  pressure  in  regions  3  and  3'  will  le  different, 
eince  the  streamline  ^  has  passed  through  two  uhooks  and  the  etraamline  Ml  only 


through  one  ahook.  Cornioctuentlyy  the  loee  in  the  first  case  will  be  less  than  In 


b) 


Fig*  4*15 •  Intersotlon  of  two  sucoosslvely  distributed  oblique  shocks* 

the  second  (during  oompression  with  sn  infinite  number  of  shocks  of  infinitesiaially 
small  Intensitx  the  process  will  be  Isentropic— without  losses  )|  where  p^  max  be 

I 

smaller  or  larger  than  p'^.  Hence,  It  max  ^  concluded  that  regiorte  of  flow  3 
and  3'  are  divided  bx  a  weak  wave  of  rarefaction  or  a  weak  shook  wave  XL,  at  the 
intersection  of  which  the  flow  acquires  a  pressure  p^  ■  p*y  The  intensitx  of  the 
wave  RL  on  tills  assumption  readllx  is  determined.  Aotuallx*  Icnowlng  the  angle 
S  and  we  find  the  pressure  p^  behind  the  ahook  KF.  We  know  the  pressure 

p.  as  a  result  of  calculating  the  shocks  BK  and  CK.  The  ratio  A  gives  the 
intensitx  of  the  reflected  wave  KL* 

In  a  general  case  the  angle  of  deflection  of  flow  at  points  D  and  C  max  ^  non- 
identical*  Depending  on  the  relationship  between  angles  and  (3,  — deflec- 
ticn  in  the  first  ahook  BK  and  t,  the  deflection  in  the  second  shock  CK)  and  total 
angle  of  deflection  ,the  intensitx  of  reflected  wave  KL  and  also  total 

losses  in  considered  sxatem  of  shocks  varx*  Calculations  indicate  that  the  Inten- 

t 

•itx  of  reflected  wave  XL,  as  a  rule,  is  aoalliand  therefore  a  change  in  direction 
of  the  flow  in  this  wave  is  negllgiblx  small. This  makes  valid  the  assumption  about 


the  change  in  direction  of  flow  in  wave  KP  by  an  angle 

Depending  on  the  speed  of  undistubed  flow  and  total  angle  of  deflection 
also  the  sign  of  wave  KL  changes. 

It  is  characteristic  that  the  speed  behind  the  shock  KF  is  always  smaller  than 
speed  behind  the  shock  CX  l  (i4<^i)  ;  it  follows  from  this  that  the  line  Kl!  is  line 
of  tangential  dlsoontlnuity  of  the  speed.  In  a  viscous  fluid  along  KH  there  is 
developed  a  vortex  motion. 

The  change  of  state  of  gas  along  a  streamline  during  transition  through  the 
considered  system  of  shooks  can  be  presented  in  a  thermal  diagram  (Fig. 

At  point  2  there  is  determined  the  state  of  gas  behind  the  first  shook,  and  at  point 
3~<-after  the  second  shook,  since  the  angles  and  are  known.  There  readily 

ai‘e  determined  also  all  the  parameters  behind  the  shocks:  py  T^,  and  the  para¬ 
meters  of  the  stagnation  p^^,  p^. 

Point  3'  on  the  isobar  p,  gives  the  state  of  gas  behind  the  shook  XF^.  At 

3  j 

point  0'^  we  find  pressure  of  stagnation  behind  the  shock  XPJ  p^^<  p^^.  The  losses 
of  energy  in  the  shook  KF  are  higher  than  the  total  losses  in  the  shooks  BX  and  CK, 
l.e.j  ds*  >  As.  Thus,  with  given  limits  of  changes  in  pressures,  the  stagnation 
of  flow  by  one  shook  causes  a  larger  loss  of  energy  than  in  case  of  successive 
stagnation  by  two  suooesslve  shocks. 

A  limiting  case  is  the  stagnation  of  flow  along  a  smooth  concave  wall,  at 
each  point  of  which  flow  experienoea  a  deflection  at  a  email  angle  (Fig.  4-16). 
Here  along  the  wall  there  will  be  formed  a  oooipresslon  wave  consisting  of  infin¬ 
ite  eat  of  oharaoterlsitlos  of  compression.  The  motion  of  a  gas  through  such  a 
compression  wave  is  accomplished  with  a  constant  entropy.  However,  a  smooi.h  isen- 
troplo  stagnation  here  can  occur  only  in  layer  of  gas  adjacent  to  wall.  As  a 


♦In  constructing  the  process  on  a  total-heat-entropy  (i-s)  diagram  w«  assume 


r«3ult  of  the  intarsaetion  of  eharactarlatioa  of  compraaalon  at  a  oartain  diatanca 

I 

t  ■  .  ' 

from  tha  wali^  dapandJjng  on  apaad  of  Inoldant  flow,  thara  appears  a  curved  shook 
of  variable  intensity. 


Fig.  4*'16.  Compression  of  flow 
during  flow  around  a  smooth  oon> 

oave  wall. 

Tha  flow  behind  the  shook  is  vortical,  since  the  speeds  at  different  points  beyond 
line  6K  are  different.  ' 

Interaotlon  of  oompreasion  wave  with  shook  wave  quaiitatlvely  ooeurs  Just  as 
was  Indloated  in  exasiining  tha  Interaotlon  of  tha  two  oblique  shocks  (Pig.  4-15). 

At  the  Intersaotlon  points  of  the  weak  waves  and  of  shook  there  appear  reflaotad 
weak  waves  (Plgw4-l6),  since  tha  changes  in  pressure  and  diraotlons  of  flow  during 
transition  through  a  conprasslon  wave  and  shock  will  be  different. 

Depending  upon  speed  of  incident  flow^the  rise  in  pressure  in  the  shook  can 
be  more  or  less  intense  than  in  a  compression  wave.  Consequently,  the  reflected 


waves  can  bo  oither  conprossion  waves  or  waves  of  rarefaction. 

Dlfferont  fron  the  considered  case  is  the  case  of  the  intersection  two  oblique 
shocks  shown  in  Pig.  4**17.  The  oblique  shocks  appear  as  a  result  of  a  change  in 
direction  of  the  two  opposite  walls  of  channel  at  different  angles  S,  and  c,.  The 
directions  of  the  flow  zones  II  and  III  will  be  nonidentical:  in  zone  III,  the 

deflection  will  be  larger  by  an  angle  2,  —  S,.  The  parameters  of  the  flow  after 
oblique  shocks  AB  and  readily  may  be  determined  by  known  parameters  before 
the  shocks  p^,  7,  and  the  angles  and  S,,  if  these  angles  are  smaller  than  the 
corresponding  maxistum  value  0^  for  the  given  vector  of  the  speed  1,. 


Pig.  4-  17.  Diagram  of  the  intersection  of  two 
oblique  shocks. 

a-~norBal  intersection;  b'^oprocess  in  shocks  in 
a  thermal  diagram. 

Parameters  of  flow  in  region  IV  can  be  founo  by  proceeding  from  boundary 
conditions  for  a  line  of  flow  passing  through  the  point  B.  We  assume  that  the 
directions  of  speeds  and  pressures  at  all  points  of  region  IV  will  be  identical. 
Hence,  there  is  determined  the  angle  between  vector  of  speed  in  zone  IV  ard  the 
vector  1|.  Actually,  if  the  resultant  deflection  of  flow  in  zone  IV  is  designated 
5^^  then  from  a  consideration  of  Fig.  4-17  it  is  readily  established  that  the 
deflection  of  flow  at  the  Intersection  of  shock  BC^  is  equal  to  ,  ond  at 

the  intersection  of  BC  it  is  2,— Being  given  different  valuss  of  the 


prsssura  in  aone  IV  (Pjy)  ^>7  foraulaa  (4-13)  and  (4-17)  or  by  diagrams  of  oblicjns 
shocks,  we  find  the  slops  angles  of  shocks^ fiC  and  BC^  and  angle  of  deflection  of 
flow  8,-}-?^  and  8,-8,.  The  value  at  which  magnitudes  of  determined 
by  parameters  of  aones  II  and  III  will  be  identical,  can  be  found  after  construct¬ 
ing  the  dependence  of  4bC  ^4BC 

A 

curves  will  give  the  soi^ght  value  Knowing  the  magnitude  84,  find  angles 

of  the  oblique  shocks  and 

A  change  in  the  state  of  the  gas  along  two  streamlines  crossing  aones  II  and 
III  In  thermal  diagram  Is  shown  In  Fig.  4-17>b«  The  total  Increment  of  entropy 
for  those  lines  of  flow  will  be  Identical  only  In  those  cases  when  81=84. 
Intensity  of  the  shocks  AB  and  A^B  Is  different,  then  the  increment  of  the  entropy 
along  considered  line  of  flow  will  be  different  (point  4  and  4'  In  Fig.  4-17, b). 

If  at  all  points  of  tone  IV  the  pressures  are  identical,  the  speeds,  temperatures 
and  densities  behind  the  shocks  BC^  and  BC  will  be  different.  Along  the  line  of 
flow  passing  through  the  point  B  timers  will  be  formed  tangential  discontinuity  of 
the  speeds,  as  a  result  of  which  in  a  viscous  gas  there  appears  a  vortex* 


— . S 
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Fig.  4-18.  A  Bridge-Uke  Shook. 


The  stable  existence  of  a  system  two 
intersecting  oblique  shocks  Is  not  pos¬ 
sible  under  all  conditions.  If  angles  of 

the  second  shocks  and  are  larger 
than  corresponding  values  of  p,,,  the  char¬ 
acter  of  the  flow  changes.  Near  the  neutral 
line  of  flow  passing  through  point  B 
thers  will  form  a  curved  shook.  A  system 


of  intersecting  normal  oblique  shocks  transfoims  into  a  bridge-Hke  shock  (Fig. 
4-18).  Hsre  losses  of  energy  in  the  flow  increase. 


' 


4-7.  Stepwlae  Decsleratlon  of  Flow 

!  •  N!  *“ 

I  Stepvrtee  deceleration  of  flow  can  be  obtained  by  applying  different  ayatems 
of  oblique  ahocka.  In  the  preceding  aection  it  waa  ahown  that  if  within  given 
linita  of  the  changea  of  static  preaaure  the  number  of  oblique  ahocka  ia  increased 
by  means  of  increasing  successive  changes  in  direction  of  wall,  thep,  the  deceleration 
of  flow  will  be  smoother,  and  the  total  relative  losses  will  decrease. 

Usually  after  the  last  oblique  shock  there  is  a  normal  shock  in  idiich  there  occurs 
a  transition  to  a  subsonic  spaed. 

Deceleration  of  flow  in  different  systems  of  shocks  was  investigated  in  de¬ 
tail  by  G.  I.  Petrov  and  Ye.  P.  Ukhov.  By  following  the  basic  conclusion  of  this 
work,  we  shall  examine  the  particular  case  of  stagnation  of  flow  in  two  shocks  — 
oblique  and  normal. 

The  considered  problem  is  formulated  thus:  to  determine  the  angle  of  slope  of 
first—an  oblique-shock,  with  which  the  transition  from  a  given  supersonic  speed 

I 

to  subsonic  occurs  with  minimum  losses  (Fig.  4-19).  The  calculation  of  such  a 
system  can  be  realised  in  sequonce  by  applying  diagram  of  oblique  shocks  (See 
Appendix).  With  a  given  speed  of  the  undisturbed  flow  ;i,  and  a  selected  value  of 
angle  S  .(or  }  there  readily  are  determined  the  speed  2,  and  pressure  after 
an  oblique  shock.  The  corresponding  loss  of  energy  (  or  change  in  pressiu-e  of  the 

•1 

total  stagnation  *„  also  is  detenoined  by  diagram  of  oblique  shocks  (or  by  formulas 

in  Sec.  4-5). 

Analogously  there  can  be  found  the  speed  and  static  pressure  after  a  normal 

shock  (  1,  and  and  coefficient  of  loss  of  energy  C,,  (or  ‘.i). 

As  example,  in  Pig.  4-19  there  is  shown  the  change  of  speed  of  flow  anl  the 
% 

loss  factors  in  a  system  of  oblique  and  normal  ahocka^  depending  on  the  ang  le  p, , 
for  2,  •  2.0  (k  *  1.3).  The  curves  Indicate  that  for  a  given  speed  2,  thej*e  is  a 
most  advantageous  combination  of  oblique  and  normal  shocks  with  which  the  >.otal 
losses  will  be  the  minimum. 

ISS 


Actually,  with  an  incroase  in  angla  of  an  obllquo  shock  ths  loss  factor 
Increasas  in  an  obllqua  Sihock  and  tha  spaod  after  an  oblique  shock  i^.  decreases. 
It  is  obvious  that  at  S  »  0  and  22"  4$'  (for  **  2.0)}  an  obllquo  shook 

transfers  to  the  eharaeteristis.  In  this  case  The  lladtlng  value  of 

the  angle  with  which  there  atlU  is  possible  the  existence  of  a  plane  oblique 
shock,  amounts  to  6$**  40'.  At  this  value  of  the  flow  after  an  oblique 

shook  has  a  subsonic  speed.  In  the  indloated  Units  of  the  changes  of  the  angle 
fi,  (22"  Uy  —  40')  after  an  oblique  shook  there  may  exist  a  normal  shook.  At 

p^«22"  45'  there  exists  only  a  normal  ahoek,  and  at  »  65”  40'— only  an  oblique 
shook. 


By  varying  within  these  limits  the  angle  of  an  oblique  shook  and  by  oaloulatlng 
and  p^  (parameters  before  a  normal  shock),  there  can  be  found  parametera  of  a 
gaa  after  a  normal  shook.  The  speed  after  a  normal  shook  Increases  with 

an  increase  In  Pj  from  A,*=0,5  at  p,  »  22"  45'  to  .A,sasil,Ba  I  .  at  “  65  "40'. 
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Fig.  4’*19.  Change  of  speeds  and  losses  in  a  system  of  two  shocks  (oblique 
•f  normal)  depending  on  angle  of  oblique  shock  p,  at  i,  «  2.0;  k  «  1.3. 

KEY:  (a)  opt. 


In  detannlnlng  the  lose  faotora  In  a  normal  shock  it  is  necessary  to  relate 
the  magnitude  of  the  losses  to  the  kinetic  energy  of  the  undisturbed  flow,  1*0.^  to 
calculate  , 

where  Is  determined  by  the  diagram  of  oblique  shocks  for  In  Fig.  4->‘19 

there  are  plotted  the  values  •  It  may  be  seen  that  decreases  with  an  in¬ 
crease  of  p^.  At  p,  -  22«  45'  4=5^=-  0.227,  and  at  p,  -  65“  40',  c;,=0  . 

Coefficient  of  total  losses  In  the  systsn  of  two  shocks,  obviously,  will  be 

5., +.='«+'«■ , 

The  curve  of  total  losses  In  the  system  of  two  shocks  has  a  oiniimim  at  ^,**45“. 

It  Is  obvious  that  the  value  p,  is  optimum  with  respect  to  losses  of  energy  in  the 
system  of  shocks. 

Analogous  calculations  can  be  made  for  different  speeds  x^  ty  dsterminlng  the 
most  advantageous  value  of  p,.  Resul.tsof  such  calculations  are  given  in  Fig.  4--20, 
where  total  loss  factor  is  presented  depending  on  p^  for  different  values  of  . 

With  heavy  lines  there  are  drawn  curves  in  a  range  of  angles  p,  with  which 
there  Is  possible  the  existence  of  a  system  of  oblique  and  normal  shocks.  The  dotted 
line  ABCD  connects  points  corresponding  to  =  For  these  points  an  oblique 
shock  has  sn  Infinitesimally  sman  intensity  and,  consequently,  flow  deceleration 
is  realised  only  in  one  normal  shook.  The  points  FGHJ  correspond  to  the  angle  p,  ■■ 

«  with  which  the  flow  after  a  plans  shook  has  a  sonic  speed.  For  p,  >  p^.  the 
(^curves  are  drawn  with  thin  lines.  In  this  case  the  calculation  can  be  presented 
under  the  assumption  of  the  existence  of  a  shook  after  which  speed  is  subsenio. 

At  p,  “  90“  it  becomes  normal.  It  1#  readily  seen  that  at  =  end  p,  •=  90“ 
the  loss  factor  ham  an  identical  value. 

A  comparison  of  curves  in  Fig.  4-20  shows  that  optimum  values  Pi  ^p^deiMnd  on 
the  speed  of  the  undisturbed  flow  X^.  With  an  increase  of  1,  up  to  carta;  n  limits, 
the  values  decrease.  For  1,  -  1.6  loss  factor  at  the  optimum  value 


52*  anounts  to  .  O.Q35>  In  this  caas,  one  normal  shock  glvos  (point  A 

In  Fig.  4‘-20)  C,,  0.113 1  and  one  obliqus  shock  vrlth  a  speed  after  the  shook 

equal  to  the  speed  of  sound  (point  J  in  Fig.  /H20),  «  0.073*  Consequently!  the 

transition  from  one  shook  to  a  system  of  two  shocks  (oblique  -f  normal)  makes  It 


Fig*  4^0.  Curves  of  loss  faotors  in  a  system  of 
two  shocks  (oblique  4  normal)  as  a  function  of  the 
angle  of  oblique  shock  and  the  speed  k  ■■  1.3 
KBit  (a)  normal  shock}  (b)  rectilinear'''  oblique  4 
4  nona^)(c)  curved  shock. 

poaslble  to  decrease  the  loss  factor  more  than  twofold.  At  large  values  of  a 
two>step  deceleration  is  even  more  effective*  J 

One  should  note  that  with  an  Increase  In  i,  the  minimum  of  the  curves  becomes 
more  gentle*  This  olreumstance  makes  it  possible  to  seleot  optimTim  values  of  Px  ^ 
such  a  manner  that  also  the  static  pressure  after  the  second  normal  shook  Is  the 

suudmum.  The  ratio  of  the  static  pressure  after  a  system  of  shocks  p^  to  the  total 

. . 

pressure  before  the  shook  />„  can  bo  presented  in  the  following  form: 

Pn  /•F.F.i*  ,  ’  •  -  ' 

/J/ 


'  her*  ^  cheracterlses  the  Inoreaae  of  statlo  preaeure  in  an  oblique  and  .  In  a 
normal  shock. 

The  ehane*  of  these  magnitudes,  and  also  depending  on 

angle  of  oblique  shock  for  i,  x"  2.0  is  presented  in  Fig.  4-21.  Vflth  an  increase 
of  the  ratio  of  pressures  in  an  oblique  shook  ^  increases,  and  in  a  normal.  ^ 
decreases.  The  graph  shows  that  relative  static  pressure  after  the  system  of  shocks 
for  1,  -  2.0  ha*  a  maximum  at  lo*. while  minimum  value  of  C.  '»*  obtained 

at  p,  •  45*. 


Pig*  4-21.  Change  of  static  pressure  and  stagnation 
pressure  in  a  system  of  two  shocks  (oblique  +  normal) 
depending  on  the  angle  of  oblique  shock  ^  for  X, 

2.0;  k  «  1-3. 

In  considering  that  curves  ^  in  the  vicinity  of  the  minimum  are  mildly 

sloping,  the  optimum  values  of  p,  may  be  selected  by  the  data  of  the  calculation 
for  the  recovery  of  etatio  pressure  in  the  system  of  shocks >  i«e.,  one  can  select 
of  Pi^p^sonstdiat  smaller  than  is  dictated  by  the  curves 

Such  a  solution  is  expedient  In  that  case  when  the  basic  problem  reduces  to 
maximum  recovery  of  the  static  pressui**  in  the  system  of  shocks,  as,  for  exusple, 
takes  place  for  supersonic  diffusers. 

The  stepwise  deceleration  of  the  flow  in  a  system  of  shocks  can  be  graprjlcally 
preuented  in  a  thermal  diagram.  In  Fig.  4-22  this  process  is  shown  for  two  rihooks. 


Fig.  4-  22.  Th«  prooMi  of  •tagnatlon 
1a  a  tMitm  of  two  shooka  (obllq.ua  -f 
normal)  in  a  thazml  diagram* 

RETi  (a)  Max. 

At  Pi «=««,!  axlata  only  ona  normal  ahook  (point  A).  At  pi^Pi.  tha  apaad 

aftar  thu  plana  obUqua  ahook  la  aonio  and  deoaleratlon  ocoura  only  in  ona  obllqua 
ahook  (point  K).  Within  tha  llmita  thara  oan  axiat  a  ayatam  of  two 

ahooka.  Glvan  diffarant  valuaa  of  p,  (polnta  —  K|^)^lt  ia  poaslbla  to 

eonatruet  a  Una  of  tha  limiting  atataa  of  gaa  aftar  a  ayatam  of  two  ahooka  with  a 
diffarant  Intanaity  of  tha  obllqua  and  normal  ahocka  (Una  Afi^...B^K).  To  tha  amall 
anglaa  p,  of  tha  obllqua  ahook  thara  oorraaponda  tha  uppar  branch  of  tha  ourva  of 
.  Hal  ting  atataa  AB^B^B^.  Tlia  loviar  branch  oorraaponda  to  largar  anglaa  of  tha 

ahook  Tha  oharaetar  of  the  curve  of  atataa  AB^...B^K  clearly  indioataa 

_  1 

the  axlatanea  of  an  optimum  combination  of  two  ahocka.  With  a  certain  value  of 


'  p,^p^lo8ae8  of  enargjr  in  the  system  of  shocks  are  found  to  be  minimal  (point 
B^).  With  another,  close  value  of  angle  ,  the  lossess  are  sometdiat 
higher  the  static  pressure  will  attain  a  maximum  possible 

value  (point  Bj^).  Line  of  the  limiting  states  can  be  built  by  means  of  suc¬ 

cessive  calculations  of  the  system  of  shocks. 


'  Fig.  4-23.  Change  of  losses  in  shocks 

In  a  step-by-step  deceleration  (Pig. 

/  urea  indicate  the  number  of  shocks). 

For  a  perfect  gas  there  can  be  obtained  equation  of  this  line  in  form  of  a 
relationship  between  the  change  in  entropy  and  change  of  enthalpy  in  a  system  of 
Shooks . 

At  high  supersonic  speeds,  for  the  transition  to  subsonic  speeds  it  is  exp<idient 
to  apply  more  complex  systems  of  shocks,  consisting  of  several  oblique  shocks  snd 
one  final  normal  shook.  With  an  increase  in  the  number  of  oblique  shocks  the  snsrgy 
losses  will  deoresse.  For  sach  speed  of  the  flow  i,  with  a  given  number  of  oblique 
shocks,  there  exists  an  optimal  sohsms  of  arrangement  of  shocks  which  can  be  found 
by  a  step-by-step  calculation.  - 

The  graphs  gJ.ven  in  Fig.  4-23  clearly  show  tha  advantage  of  the  nor<»  complex 
systems  of  shocks  at  large  supersonic  speeds.  The  curves  ^j,  =  C(i,)  make  it  pos- 
elble  to  select  the  most  rational  scheme  of  stepwise  deceleration  for  a  given  speed. 


The  Reflection  of  Shocks 


a)  Reflection  from  a  Rigid  Wall 

Vto  shall  consider  the  reflection  of  an  oblique  shook  from  a  straight  rigid 
wall,  parallel  to  the  direction  of  speed  of  an  undisturbed  flow  (Pig.  4-24) •  A 
shook  will  form  at  point  A,  where  the  change  in  direction  of  wall  is  at  an  angle 


Pig,  4-24*  Diagram  of  a  normal  reflection 
of  a  plane  oblique  shook  from  a  rigid  wall. 

During  the  transition  through  the  primary  shook  AB,  the  line  of  flow  la  deflected 

to  the  straight  wall  by  the  angle  8,  It  ie  obvioue  that  at  point  B  thle  ohange 

in  direction  is  imreallsable  and  the  boundary  line  of  flow  maintains  the  direction 

of  the  wall.  This  means  that  at  point  B  the  wall  forcibly  deflects  the  line  of 

flow  in  thb  opposite  dlreotion  by  the  angle  %  «  As  a  result  there  appears  a 

refleoted  oblique  shook  BG.  Ws  note  that  the  angles  of  the  incident  and  reflected 

Shooks  are  not  Identioal,  since  before  the  shook  BR  ths  dlnenslonlsss  speed  i,<li 

at  the  same  angle  of  deflection  8.  From  the  graph  i|)  (Pig.  4''5}  it  is 

clear  that  the  angle 

The  calculation  of  refleoted  shook  encounters  no  difficulties.  By  knowing 
parameters  of  the  undisturbed  flow  2|,  and  the  angle  of  defleotion  8,  by 
means  of  the  diagram  of  shocks  there  are  rcadiiy  determined  parameters  of  ths  flow 
aftsr  a  primary  shocks  /?»  and  P,.  With  ths  same  value  s  we  find  the  state  of 
gas  after  a  refleoted  shook  s  i,,  p,  «nd  ,  By  the  abov^s-dieouased  method  we 
find  ths  loases  of  energy  In  primary  and  refleoted  shocks.  One  should  bear  in  mind 
that  such  a  reflection  of  an  oblique  shook  is  not  always  possible.  If  the  angle 
of  deflection  8  !■  larger  than  maximum  value  for  the  speed  then  picture  of 
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MpiUr  r.r]*cUon(  b—  \  ^h»i>.d  •hook  durln* 
r«fl«otlon. 

r.fl*,tlon  wl...  ut  u  that  1„  dl.*r«  ,f  .hook  pol«-.  (Pi».  4^5,.,  th. 

...W  OD  d.pl.t.  th.  .p..d  of  flow  up  to  th.  .hook,  1.,  If  th.  ««1.  Of  d.flooUon 
of  W.U  «<«^  ,  th.n  th.  hjrpool..old  oorp..pondlng  to  th.  ap..d  .fUr  th.  .hook 
J.  (wotop  02)  l«t.r«et.  th.  11™  of  r.otor  1.  (point.  3  Md  1). 

At  J=J^  th.  u™  OD  1.  t«g.otUl  to  th.  .hook  poW  1, (point  3,,. 

Plotup.  of  th.  flow  h.™  r«..i™  „  pr.viou.ior  (Pig.  i^4).  v,otor  of  .p..d  irfur 
..oond  .hook  (0-  (  1,  )  will  h.  1...  th«  unltp  (th.  .p..d  i.  .„h,onlo). 

It  »>•«.  th«  .  .hook  pour  oon.tr«ot.d  for  th.  .p..d  do.,  not  h.v. 
.o-Km  point,  with  th.  votor  OD  „d  th.  r.fUot«l  .hook  o™ot  „..r.  «  ,.,u.U.ln* 
of  th.  flow.  P«.tofflow  dlrootlo- «lj.0.„t  to  wull  b.o«».  .ub.onl..  -h.  r.- 
fUotod  .hock  CD  i.  dUtorUd  .nd  1.  di.pUo«.  .,.l„.t  th.  flow.  H.r.  .U.,  th. 

.hock  AB  1.  dofomod.  Th.  .Un.nt  CD  of  thl.  .hock  bocon..  „or«l  to  th. 
»U.  Th.  .p.t..  of  .hook,  .cqulr..  „  i...h.p.d  fom.  ifur  th.  non™i  .hock 

...tor  th.  flow  1.  .ub.onlc.  Affr  th.  oorv.d  portion  of  r.fUct.d  .hock  t.«  flow 
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may  b«  auparaonlo.  As  a  result  there  will  form  a  line  of  tangential  disoontinulty 
CB,  on  both  sides  of  «rtdoh  the  pressures  are  identical  and  the  temperature  and 
densities  are  different,  since  change  of  entropy  in  the  transition  through  BC 
and  AC*~<CD  will  be  different.  In  region  3  after  the  i  -shaped  shook  the  flow  is 
rortlcal* 

The  reflection  of  shock  shovm  in  Fig.  4>25>b  can  appear  at  large  angles  of 
deflection  (  and  small  supersonic  speeds  i,.  We  shall  emphasise  that  the  mechan¬ 
ism  of  the  genesis  of  the  A  —  shaped  and  bridge-like  shockb  is  identical* 

b)  Refleetlon  from  the  Free  Bdge  of  Stream 

Suoh  a  reflection  is  considered  in  Fig.  4-26.  At  all  points  on  the  edge  FEE 
the  pressure  is  identical  and  equal  to  the  pressure  of  the  environment  p^.  In  the 
stream  the  same  pressure  takes  place  only  bef<»>e  the  shock  AB.  In  the  transition 
through  the  shook  AB,  the  pressure  changes  from to /?,>/>..  Consequent Ijr,  (^t 

point  B  two  pressures  are  oharaoterlstlcally  simultaneous  t  from  the  direction  of 
medium  and  p^  from  direction  of  stream.  Suoh  a  point  ia  the  foous  of  the  disturb¬ 
ance  of  a  supersonic  flow,  creating  a  stationary  wave  of  rai'sfaotlon.  In  the  flow 

around  the  point  B,  the  pressure  of  the  flow  must  drop  from  p.  to  p  .which  also 

<2  a’ 

results  at  supersonic  speeds  in  the  formation  of  the  wave  BCD. 

The  first  characteristic  BD  oomprisea  with  the  direction  of  vector  ^  tbe  angle 
a^s=:arcsin^,  where  is  the  speed  of  flow  after  the  shook  The 

angle  of  the  latter  charaoteristlo  is  a^e=arcsin^^>  Here,  the  speed  after  re¬ 
flected  wave  of  rarefaction  M.  is  determined  by  the  ratio  ^ ,  whore  p„  is  the 

3  F»i  I 

pressure  of  stagnation  after  an  oblique  shuck.  I 

The  reflection  of  a  shook  results  in  the  deformation  of  edge  of  stream,  whi.ch 
at  point  B  is  deflected  at  an  angle  .  This  deflection  is  caused  by  an  ex¬ 

pansion  of  the  stream.  Thus,  with  a  reflection  from  the  free  edge  of  the  stream, 
along  which  the  pressure  is  kept  constant  or  drops,  the  shook  wave  will  transform 
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Flf*  4-26.  R«flsctlon  of  oblique 
shook  fron  free  edge  of  stream. 

Into  «  ware  of  rarefaction.  If  the  presaure  along  the  edge  Increases j  then^ depend¬ 
ing  upon  intensity  of  change  of  pressure^  ref leotion  can  be  extinguished  or  It  occurs 
with  maintenance  of  sign  (as  also  from  a  rigid  wall) . 

4-9,  Interaction  of  Shock  and  Wave  of  Rarefaction 

During  flow  around  bodies  of  finite  dimensions  by  a  supersonic  flow  of  a 
perfect  gas,  the  intensity  of  the  shocks  at  various  distances  frcn  the  body  will  be 
different.  Owing  to  interaction  with  waves  of  rarefaction^ the  intensity  of  the 
shocks  decreases  with  distance  and  at  an  infinite  distance  beoones  infinitesimaHly 

snail. 

Lot  us  consider  as  an  example  flow  around  a  pointed  plate  (Fig.  4-27).  On 
the  forward  sharp  (i<^J  tip  of  plate  there  appnnre  a  plane  oblique  shook  AB. 
During  flow  around  the  point  D  there  will  fora  a  stationary  wave  of  rarefaction, 
where  the  characteristic  at  which  deflection  of  flow  begins  is  located  at  the  angle 

where  ^  is  the  speed  after  the  shock* 

then  eharacteristlo  will  Intersect  shock  wave  at  a  certain  point  B.  The  second 
boundary  of  the  wave  of  rarefaetlon  Is  the  eharaoterlstie  located  at  an  angle 
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Flf*  4’>27«  Dltgram  of  Interaction 
between  shock  wave  of  rarefaction. 


In  the  sector  to  the  right  of  point  B,  the  wave  of  rarefactlun  Interacts  with 
the  oblique  shock.  In  the  region  AED,  the  speed  is  constant  and  equal  to  the 
stresBOlnes  are  parallel  to  the  generatrix  of  the  wedge  AB.  We  shall  draw  through 
the  point  B  the  eharaoterlstle  of  undisturbed  flow  at  an  angle  a  i=BarC!>in—  % 

•••  All 

the  direction  of  veloolt7  vector  C|^,  since  the  oblique  shook  is  located  at  an  ax]gle 
pj  iSK -j- (d^,  4- 4' *<)•  angle  of  the  wave  DE  closest  to  DB  is  soaller  than 

s^i  then  in  the  sector  BE  the  oblique  shock  is  defleotod  by  a  small  angle  so  that 
pj<p;  with  a  decrease  in  slope  of  angle  of  the  shock  p.^also  Urn  angle  of  de¬ 
flection  of  flow  decreases.  Corresponding  deflections  of  the  shook  and  changes 
in  angle  of  turn  of  flow  8^  take  place  also  in  the  sectors  EP,  FC^et  cetera. 


Consequantlyf  the  shock  in  starting  from  point  B  is  distorted  and  is  deflected 


in  the  direction  of  flow;  the  angle  of  the  shock  decreases  as  it  approaches  . 

In  accordance  with  the  basic  formulas  of  a  shook  it  may  be  concluded  that  in 
the  interaction  with  a  wave  of  rarefaction  the  intensity  of  the  shock  decreases  and. 
Consequently,  losses  in  the  shock  decrease.  The  change  in  entropy,  as  analysis 
shows,  becomes  equal  to  sero  at  infinity. 

Analogous  results  are  obtained  if  the  wave  of  rarefaction  is  located  before 
the  shock  (Fig.  4*-27,b).  At  point  there  appears  a  wave  of  rarefaction  ai.i  at 
point  A^  a  shock  wave.  In  interacting  with  the  wave  of  rarefaction  the  shock 
is  distorted.  Since  after  the  intersection  with  the  last  characteristic  of  the  wave 
of  rarefaction  the  shock  A^B^  occurs  in  a  sone  of  lower  speeds,  the  angle  of 
it  B.  .increases. 

Ws  note  that  in  real  (viscous)  fluid  also  the  viscosity  contributes  to  the 
attenuation  of  the  shocks. 

4-10.  Conical  Compression  Shocks 

In  the  preceding  section  of  this  chapter  there  have  been  considered  compression 
shocks  in  a  two-dimensional  flow.  During  flow  round  axially  synsnetric  bodies,  sur¬ 
faces  of  discontinuity  have  an  axially  synanetric  form.  Let  us  consider  peculiarities 
of  an  axially  symmetric  shock  in  an  example  of  flow  around  of  circular  cone  (Fig. 
4-2S).  Before  the  cone  there  will  form  a  conical  shock,  the  apex  of  which  coincides 


Fig.  4-28.  Shape  of  lines  of  flow  in  the 
diaturued  region  after  a  conical  shock  duiing  flow  around  a  ocne 


Th«  basic  relationships  during  the  transition  through  the  surface  of  a  conical 
shock,  as  is  readily  seen,  will  be  the  same  as  that  for  a  two>dla>enaional  shook, 
[equations  (4“'13)|  (4-14),  etc.].  With  identical  apex  angles  of  the  wedge  and 
eons,  shock  on  cone  vlll  have  a  smaller  angle  of  slope  than  on  wedge,  since  the 
cone  causes  a  smaller  constraint  of  flow  than  wedge  of  Infinite  span  of  the 
same  aperture  ai\glo.  During  transition  through  a  conical  shock  the  lines  of  flow; 
Just  as  in  case  of  a  two-dlmsnslonal  shock,  undergo  discontinuity.  However, 
since  a  shock  in  a  cone  is  weaker  than  in  a  wedge,  immediately  after  the  shock 
the  lines  of  flow  will  be  oblique  to  the  vector  of  speed  of  undisturbed  flow  at  an 
angle  smeller  than  aperture  angle  of  cone  f,.  Calculations  show  that  in  the  dis¬ 
turbed  region  the  lines  of  flow  are  not  straight,  as  in  a  flow  around  a  wedge,  but 
are  curved)  here  their  curvature  is  different  and  depends  on  the  distance  from 
surface  of  cone.  The  curvature  of  the  lines  of  flow  nearest  to  surface  of  cons  is 

I 

very  small. 

From  Fig.  4-23  it  follows  that  with  distance  from  the  shock  the  angle  of 
slope  of  the  lines  of  flow  to  axis  of  coim  increases  and  the  lines  of  flow  asymptot¬ 
ically  approach  direction  given  by  generatrix  of  cone.  Here  it  ia  possible  to 
see  that  annular  tube  of  flow  formed  by  two  adjacent  linos  of  flow  has  a  smoothly 
narrowing  form.  The  lines  of  flow  are  turned  convexly  to  the  surface  of  cone. 


a) 


C) 


Fig.  4-29.  Diagram  of  spectra  of  flow  round  a  cone  at 
different  speeds  of  undisturbed  flow. 


During  supursonlc  spoads  auch  form  •Ignlfies  a  daeraaae  in  apeeda  and  an  incraasa 

of  praaauraa  along  tha  linaa  of  flow,  i«e.,  daoeleratlon  of  tha  flow.  It  follows 

from  this  that  aftar  a  eonloal  shock  tha  eomprasalon  of  tha  gas  la  prolonged. 

Howavar,  If  within  tha  limits  of  shock  an  increase  in  praasitrea  is  aectaipaniad  bf 

an  incraasa  in  entropy,  then  tha  ooopraasion  of  gas  in  disturbed  region  after  shook 

occurs  iaantropically  without  losses.  On  this  basis  it  may  be  conoluded  that  with 

an  identical  ratio  of  tha  pressures  ^  (p.  is  tbs  pressure  on  the  surface  of  stream- 

P\  <6 

lined  wedge  or  cone)  the  compression  of  the  gas  during  flow  around  cone  occurs  with 
emallor  losses  than  during  flow  around  a  wedge,  since  for  a  cone  the  total  increase 
in  pressure  la  the  sum  of  tha  isantropic  compraesion  and  the  compression  along 
shock  adiabatic  line. 

In  supersonic  part  of  disturbed  region^ owing  to  curvattire  of  the  lines  of  flov^ 
the  characteristics  are  curved* 

In  Pig.  4-29  there  are  lUustratad  three  possible  cases:  (a)  the  speeds  at  all 
points  of  disturbed  region  are  less  Uian  the  speed  of  sound,  (b)  case  of  nixed  flow, 
when  speed  directly  after  shook  is  supersonic,  and  then  becomes  subsonic,  (e)  and, 
finally,  when  flow  after  the  shock  is  con^letely  supersonic.  The  character  of  flow 
after  the  chock  with  a  constant  magnitude  T*  depends  on  speed  of  incident  flow. 


Pig.  4-30.  The  dependence  of  speeds  on 
surface  of  cone  on  speed  of  tmdisturbed 
flow  and  angle  of  cone. 


Speeds  and  pressures  on  the  surface  of  the  cone  vary  with  the  change 
of  speed  of  undisturbed  flow  and  half -angle  of  cono  T#  . 

In  Fig.  4-*30  there  are  presented  graphs  of  change  In  diusnslonless  speed  on 
surface  of  cone  ^  depending  upon  angle  It  and  li  One  should  note  that  during  a 
given  mode  of  flow  around^  at  all  points  of  conical  surface  the  speeds  and  pressures 
have  constant  values.  For  a  consi  the  same  as  for  a  wedge,  the  theoretical  solution 
of  the  problem  glvss  during  one  and  the  same  mode  two  possible  values  of  slope  of 
angle  of  shock  and  of  parameters  on  surface  of  cone  (lower  branches  of  curves  in 
Fig.  A’-30).  However,  practically,  as  a  rule,  there  are  realised  smaller  values  of 
the  shook  angles  (upper  branches  of  curves  In  Fig*  4-30).  Therefore,  there  can  be 
made  the  conclusion  that  with  an  Increase  in  Y*  the  speeds  on  surface  of  cone  de¬ 
crease  and  the  preasures  increase.  The  Increase  in  speed  of  undisturbed  flow  leads 

Such  a  oharaetar  of  variation  of  para¬ 
meters  of  flow  on  surface  of  a  cone  takes 
place  as  long  as  angle  of  the  cone  does  not 
attain  a  limiting  value,  with  which  there 
occurs  a  withdrawal  and  deformation  of 
■hock^the  same  as  in  the  case  of  a  wedge. 
A  c<»}lcal  shock  will  transform  into  an 
axially  symmetric  surface  of  discontinuity 
with  a  curvilinear  generatrijc.  However, 
the  maximum  half -angle  of  the  cone  Y«n.  with  which  for  a  given  j,,  there  occurs  a 
transfomation  of  a  conical  shock  into  an  axially  symmetric  with  a  curvilinear 
generatrix,  will  bo  larger  than  the  corresponding  values  3^  for  a  wedge ,  In  Fig.  4-31 
there  are  presented  dependence  of  maximum  angles  of  deflection  and  Yom 
number  for  a  wedge  and  a  cone. 

For  a  conical  shock  it  is  possible  to  construct  in  plane  of  hodograph  u,  v  and 


to  opposite  results. 


Fig.  4-31.  Dopondsnoe  of  maximum 
angles  of  wedge  and  cons  on  veloc¬ 
ity  of  undisturbed  flow  (k  “  1.4) 
KET:  (a)  Cone;  (b)  ¥sdge. 
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Fig*  4**32*  Shook  polar  for  conical  shock  In  plane  of  hodcgraph 
and  in  thermal  diagram  for  k  »  1*4  (apple-shaped  curves). 
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in  the  thermal  diagram  a  shock  polar  (Fig.  4-3S) 


In  t)is  plane  of  the  hodograph  the  change  of  speed  directly  in  a  conical  shock 
is  e^qpressed  by  line  D£A,  tdisre  the  vector  of  speed  after  shook  is  determined  by 
the  sector  OE  (speed  of  undisturbed  flow  OD)*  The  angle  of  shock  f  can  be  found  by 
drawing  a  normal  at  the  point  G  to  the  sector  D£.  The  change  in  speed  in  disturbed 
region  after  the  shock  is  described  by  the  curve  EE^.  This  line  corresponds  to  the 
isentroplc  change  of  speed  (coiqsreaslon)  after  the  shock. 

The  apple-shaped  curve  DE^A  defines  the  hodograph  of  speed  on  surface  of  cone; 
it  is  possible  to  call  it  a  shock  polar  of  the  cone*  Slope  of  the  sector  OE^  deter- 
nlnee  halfangle  of  cone  y«  .  The  region  included  between  the  curves  DEA  and  DB^A 
characterises  ths  flow  in  the  disturbed  region.  At  any  point  N  the  sector  ON  deter¬ 
mines  the  magnitude  and  direction  of  the  speed.  The  normal  drawn  to  the  hodograph 
of  speed  at  point  N  gives  the  halfangle  of  oonlcal  surface  passing  through  this 
point  in  plane  of  flow. 

Each  intermediate  curve  DNA^  oorresponda  to  a  constant  value  in  of  difference 
of  englee  y  .  Since  in  the  disturbed  region  the  pressure  of  total  stagnation 
does  not  change,  then  the  constant  value  Sif.  oorreeponds  to  the  hodograph  of  speed 
GB^.  Gy  plotting  these  values  for  different  points  E,  it  is  possible  with  the  use 
of  the  shock  polar  to  datermine  the  change  in  pressure  of  stagnation.  In  the  plane 
of  the  hodograph  it  is  possible  to  draw  an  arc  of  a  circle  with  a  radius  a^,  which 
will  differenlate  the  group  of  modes  of  flow  around  a  cone  with  subsonic  speeds  after 
shook.  Hare  thsre  are  readily  established  points  of  the  disturbed  flow  in  which 
the  speed  of  flow  ie  equal  to  the  critical.  For  a  given  shook  anglo  |  thess  points 
ars  obtained  by  the  intersection  of  arc  a^  and  the  hodograph  of  speed  B'E|  (point  R). 

In  a  thermal  diagram,  the  shock  polar  is  oonstructsd  by  an  already  known  method 
(Fig.  4-32, b).  Line  DE^A  corresponds  to  a  change  of  state  of  gas  aftsr  a  oonlcal 
•hock  with  a  change  in  ?•  from  %  —  (point  D)  to  (normal  shook).  At 

a  definite  value  t«  oorreepondingly  f,  the  state  of  the  flow  immediately  after 
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shock  is  ehsracterlied  bgr  the  point  determining  change  o£  entropy  (lose  ) 
and  change  of  potential  energy  of  gas  in  the  shock  (  //.,  ).»  The  sector  E^E  oorrs- 
spondK  to  the  isentropic  compression  after  the  shock,  and  at  point  E  there  can  be 
found  parameters  of  the  gas  on  the  surface  of  cone.  Corresponding  change  in  the 
potential  energy  is  equal  to  .  At  Identical  angles  of  a  two-dimensional  and  a 
conical  shook  (  )  variations  of  parameters  happen  to  be  close,  since  the 

isentropic  compression  in  the  disturbed  region  is  significantly  less  Intense  than 
shock  ocmpresslon  in  a  shock. 

In  a  system  of  conical  shocks  it  is  possible  to  realize  stepwise  deceleration 
of  a  supersonic  flow,  the  same  as  in  a  system  of  plane  shocks. 

In  conclusion  it  is  necessary  to  make  the  following  remarks* 

Up  to  the  present  we  have  assumed  that  any  shock  is  a  geometric  line  (or  surface X 
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Fig.  4*-33.  Thickness  of  shock 
depending  on  its  intensity. 


This  means  that  the  transition  from  parmeters  of  an  undisturbed  flow  to  parameters 
after  a  shook  is  realized  in  an  Infinitely  thin  layer.  The  existence  of  two  adjacent 
regions  of  flow  with  different  temperatures  and  speeds  in  a  real"~visooue— gas  is 
possible  only  in  a  certain  transitional  layer  of  finite  thickness,  within  thi  limits 
of  which  there  also  occurs  a  verj'  Intense,  but  continuously  gradtial  change  o.T  the 
parameters . 


By  Including  kinetic  theory  of  gases  and  the  fundamental  equation 

of  gas  dynamics  with  a  consideration  of  the  thermal  conductivity  viscosity,  it  is 
possible  to  obtain  an  approximate  evaluation  of  thickness  of  a  normal  shock. 

Calculations  show  that  the  thickness  of  a  shock  has  the  order  of  twice  the 
length  of  free  path  of  molecule  and  therefore  decreases  with  an  increase  in  its 
intensity.  A  corresponding  graph  of  the  change  of  thickness  of  shock  depending  on 
^  with  the  pressures  not  too  low  Is  presented  in  Fig.  A-33.  Vto  see  that  the 
thickness  of  the  shock  under  ordinary  conditions  is  very  small.  Experiments  confirm 
that  the  above-adopted  simplified  diagram  of  an  infinitely  thin  shock  and  the  derived 
formulas  in  this  assumption  under  ordinary  conditions  very  accurately  reflect  the 
actual  picture.  One  should  bear  in  mind  that  in  rarefied  gases  «rith  great  lengths 
of  free  path  the  thickness  of  transitional  region  may  bo  found  to  appear  very  sub¬ 
stantial;  obviously,  in  this  case  the  obtained  relationships  for  a  shock  may  give 
appreciable  errors. 

4-11.  Condensation  Shooks  (Thermal  Shocks) 

Shocks  may  generate  not  only  in  adiabatic  flows,  but  also  in  those  cases,  when 
in  a  small  length  of  the  flow  there  occurs  on  intense  admission  or  withdrawal  of 
energy  (for  example,  heat).  Here  there  will  form  shocks,  called  thermal.  Of  maximum 
interest  are  two  types  of  theimial  shocks:  propagation  of  detonation  and  combustion 
and  condensation  shocks^  associated  with  the  motion  of  two-pha$e  fluid  and,  in  part¬ 
icular,  of  moist  vapor  or  air. 

The  first  type  of  thermal  shocks  has  been  studied  in  detail  and  discussed  in 
special  literature.  The  second  type— condensation  shocks, which  arc  widely  encountered 
In  aerodynamic  experiments.  In  Laval,  nozsles  in  the  flow  parts  of  turbomachine s 
have  been  studied  in  less  detail. 

An  analysis  of  properties  of  condensation  shocks  is  based  on  certain  assumptions: 
a)  condensation  occurs  Instrjitaneously,  so  that  there  will  be  formed  sharp  boundary. 


■•parating  gas  with  noncondensed  watsr  vapors  fron  gas  containing  tha  eon- 
dansats;  b)  affect  of  condensation  reduces  to  release  of  the  latent  heat  of  vapor¬ 
isation;  c)  this  process  is  aocoapanied  by  change  of  physical  properties  of  the 
gas  component  and  by  a  decrease  of  its  weight  portion  in  the  mixture;  a  change  of 
physical  properties  of  the  gas  and  its  parameters  occurs  only  within  the  limits  of 
the  shock;  d)  influence  of  viscosity,  thermal  conductivity,  and  diffusion  can  be 

p 

ignored:  a)  the  gas  phase  is  satisfied  by  the  equation  of  state  ,  and  k 

varies  only  during  the  transition  through  a  shock;  f)  after  a  shock  the  liquid 
phase  has  the  same  speed  as  the  gaseous. 

The  fundamental  equations  of  a  condensation* shoek*^  are  general  aquations,  de¬ 
rived  in  Sec.  4-2. 

Taking  into  account  the  designations  adopted  in  Fig.  4-34>  equation  of 
continuity  is  written  in  the  following  form: 

hfinl  "P»(>  +/)‘'*2  “  +  i) S'! (4-37) 

where  is  the  angle  of  oblique  condensation  shook ^ 

I  mm  is  the  ratio  of  mass  of  liquid  t  J  mass  of  gas  after  ehocki 


Fig.  4-34.  Diagram  for  deriving  equation 
of  an  oblique  condensation  shock. 


♦See  list  of  references.  A  theoretical  investigation  of  condensation  s locks  for 
the  first  time  was  made  by  5.  Z.  Helen 'kly.  In  the  work  by  R.  German  there  li  given 
the  solution  for  a  normal  condeneatlon  shock  In  the  work  by  V.  A.  Andreyev  and 
S.  Z.  Bclen'kly  there  le  considered  the  more  general  case  of  an  oblique  ehock.  P.  Ross 
solved  the  problem  of  an  oblique  condensation  shook  by  taking  into  account  tiio 
changes  in  the  physical  properties  of  the  gas. 
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X  Is  the  degree  of  humidity  after  shock;  . 

K  is  the  density  of  the  liquid  j  «= «» »ln  cos 

Equation  of  mcmentum  in  projections  onto  the  normal  to  shock  and  onto  the 

»hook  plane  willb.  p.-p..f,4,-h(l  + /)(«,  Sin  p,— Og  COS  p,)*; 

+•  /) ^ni^t  (4-38  ) 

“■  fs(l  +  /)  («i  «ln  P*~  0,  cos  p,)(«,  cos  p^+  i*,  sin  Pg)=0. 

tfhere  cos  p,  cos  p,  +  «,  iin  p,.  (4-39) 

Equation  of  energy  will  be  written  as  follows: 

+  +  (4-40) 

where  change  of  enthalpy  of  stagnation  due  to  liberation  of 

heat  during  condensation* 

Since  the  enthalpy  of  stagnation  at  the  intersection  of  shock  yaries,  then  the 


critical  speed  up  to  and  after  shook  will  be  nonldentioal: 

Here  k^,  are  coefficients  of  the  Isentroplo  process  up  to  and  after  the 
condensation  shook. 

Ths  relationship  between  critical  speeds  Is  expressed  by  formula 


If 


(4-41) 


XT  M  4i  I  Hh  I 


The  left-hand  side  of  the  equation  of  energy  (4-40)  can  be  presented 
in  the  following  form 


and  the  right-hand  side 


Considering  that 


(4-40b) 

(4-42) 


*1  ie  the  enthalpy  of  gas  phase  without  a  calculation  of  the  heat  of  condensation* 


wh*r*  I.  U  th*  angl«  of  daflaction  of  Una  of  flow  at  tha  Intarsaction  of  condan- 
aation  shock,  by  moans  of  axprsssiono  (4-37),  (4-38),  (4-40),  (4-41)  and  (4-42)  wa 
obtain  an  aquation  of  tha  shock  polar  for  a  condensation  shock  in  tha  form; 


I  —  S»)-~ 

■q  -  (X,  -S',),  - 

■n, -T  <*« +  ■)(«  -f  SK)  ]  , 

* _ -*)(*?“  I)  J  “ 


+1 


+  1 


(4-43) 


Hart  tha  following  dssignatlons  have  bean  adopted: 

«  •  Hg  Og  _ 

*“*.-».• 

Iqiatlon  (4-43)  at  traiufor*.  Into  fonmOa  (4-26)  for  an  adiabatic 

Shook a 


Bj  Mans  of  (4-43)  on  bMls  of  formulas  (4-42)  there  are  datsrmlnsd  the  angle 
of  obUqua  oondensation  shock  p,  and  tha  angle  of  deflection  of  flow  «,  . 

From  the  equation  of  energy  (4-40b)  there  may  be  obtained  a  formula  for  deter¬ 
mining  the  number  M  after  shock; 


if,«=  y 


I 

'T 


The  ratio  of  the  pressures  in  the  shock  ws  find  by  the  formula 

_ 


(4-44) 


(4-45) 


I + — p  :j7ji — ~  <"•  •*"  ?«-“  "t 

taalogouoiy  to  prooodura  In  dajlvln*  forwula  (4-35),  m  obtain  a  fomnU  for 


the  ratio  of  the  stagnation  pressures  in  a  oondensation  shook: 


4 


±=1. 


io, 

Ptt 


At-1~  * 


(4'‘46) 


„  *1 


The  ratio  of  the  denaltlee  in  the  ehook 


(4-47) 


The  obtained  ajratem  of  six  equationa  (4-42)  —  (4-47)  aakes  it  poaaible  to  find 
paraaeterB  after  the  ahook  U2*  Poa*  ^  gi^n  parametera 

before  ahook  a^^  and  of  the  knoima  37«,  /,  T$. 

Bgr  Bwana  of  general  relationahipa  individual  particular  oaaea  are  readily 
exaalned.  j 

In  auuijr  praotioallj  iaportant  oaaea  it  ia  poaaible  to  eonaider  that  phyaioal 
propertlea  of  gaa  are  kept  oonatant  (k^^  *  ^2*  ^  oondenaed 

phaae  after  ahook  la  negligible  in  oonpariaon  with  the  gaaeoua  (J  «  0).  In  thia 
caae  equation  (4-43)  will  be  alapUfled  and  aoquirea  the  form: 


(4^48) 


The  ooanon  aolutlon  of  the  original  equationa  after  oorreapondlng  almplifloationa 
makea  it  poaaible  to  obtain  a  oonneotlon  between  normal  ooaponenta  of  apeed  in  a 
oondenaatlon  ahook  In  the  following  form: 

where 


'-'"XT'  : 


/7/ 


«nd 


(4-50) 


Thai  quantity  a  la  daternlnad  by  formula  (4-41)*  For  tha  ratio  of  the  prasauroa 


in  ahook  m  find: 


or 


This  aquation  ehan^as  to  formula  (4-13)  at  «  1  (adiabatic  ahook)  aftar  aub~ 

atlttttlng  ^  from  aquationa  (4-5)  and  (4-11) » 

<•1 

From  aqtuitlon  (4-43)  it  foUowa*  that  vartioal  eomponant  of  tha  apaad  aftar 
tha  ahook  vaniahaa  at  thraa  raluaa  of  tha  vaotor  u^,  Tha  firat  oorraaponda  to  tha 
daganarailon  of  tha  ahook  into  a  waak  w.va  Tha  aaoond  and  third 

valuaa  ara  obtainad  from  tha  condition 

Tha  two  roota  of  thla  aquation  will  ba: 

The  obtainad  ralatlonahlp  axpraasaa  a  oonnaction  batvaan  apaada  for  a  normal 
oondaneatlon  ahook.  Kara  it  la  readily  variflad,  by  hiring  aat  into  aquatlcn  (4-49) 
condltlona  of  a  normal  ahook:  -.*0, .  From  aquation  (4-51)  it  follow  that 

tha  apaad  aftar  a  normal  ahook  dapanda  on  x,  and  aT. -tha  haat  liberated  during 
oondanaation,  which  in  t\im  ia  datarmlnad  by  quantity  of  tha  oondanalng  gaa. 


Prom  equations  (4-49)  and  (4-50)  it  follows  that  the  quantities  and  a^ 
cannot  be  less  than  a  certain  limiting  value  for  a  given  or  since  otherwise 
and  X,  will  be  imaginary  quantities.  From  (4-51 )  for  a  normal  shock 

2*1 

In  accordance  with  formula  (4-41)  at  k  "*  k  ,  the  maximum  change  of  enthalpy 

X  4 

of  stagnation  in  the  shook  corresponds  to  the  mimlmum  value  of  a  : 

* 


(4-52) 


In  a  general  case  for  an  oblique  ahoO^from  equation  (4-49)  ws  shall,  obtain: 

■J  ^  2g,|  , 


correspondingly  from  (4-50)  we  shall  have: 


a(*4i) _ 

l/  I±I^L"i!«i±:5L 


(4-53) 


As  it  was  pointed  out,  the  relative  change  of  enthalpy  of  stagnation  in  a 
condensation  shock  iT,  characterises  the  quantity  of  condensing  liquid.  The 
obtained  relationships  show  that  condensation  shocks  can  appear  only  with  defin¬ 
ite  quantities  of  condensing  liquid.  The  limit  of  condensation  in  a  shook  depends 
on  speed  before  the  shook  and  on  the  angle  of  shock. 

In  returning  to  an  analysis  of  the  equation  of  shock  polar  (4-46),  let  us  note 
thaf^  »  oo  at 

The  dependence  (4-46)  graphically  is  presented  in  Pig.  4-35  for  different 
values  of  a..  Per  a  plane  oblique  condensation  shook  with  a  given 


Fig,  4-35,  Shock  polars  of 
different  veluea  of  a/, 
it7)i 


condensfttlon  shocks  for 
(different  relative  hundd- 

1,4, 


in  th.  .hock  polcr  «.  rind  two  polnfi  md  E,j^oorr..pondlng  to  two  dirfOr-nt 
ugla.  orihoiMck.  Hor,  point  oorrMpond.  to  a  ourwd  condans.tlon  .hock.  Th, 


points  correspond  to  an  expansion  shock, 

Th,  mu.  i,  -  1  eoiT..pond.  to  a  .hook  pol«-  of  u  .dl.b.tio  .hook.  A.  S, 
d.cr.u..  („  .t;  Inor.,,,.)  th,  «gl,  oond.n..tlon  .hock  .t  .  *l«n  ..  lnor.««. 
In  «cord«o.  with  romul.  (4-51),  two  w.lu,.  of  th.  «otor  ^  (point.  o^) 

oorrMpond  to  .  nonoal  oondonwtlon  .hook.  Th.  nogatlw  algn  bofor.  th.  root  in 
(^”51)  gives  the  point  D^,  and  the  positive  —  D^. 

Thu.,  aquation.  (4-«)  «id  (4-48)  <md  th.  .hock  poa«-  In  Pig.  4.35  .how  that 
th.r.  1.  th.oi,tloauor  pcihi.  th,  .xiatono.  of  four  tpp,.  of  normal  and  obUqu. 

oond.n..tlon  .hock.,  oorraapondlng  to  dlffrant  .p.«l.  bofor.  th.  .hock  u>d  to  th. 
quantities  a.rS/,). 


The  corresponding  classification  is  shown  in  Table  4-2. 

How.T,r,  If  w.  oon.ld.r  crtain  aubaldlarr  condition.,  th.n  th.r.  m.  found 
poMlbl.  .t  moot  two  typoai  1)  auporaonle  .hock..  In  which 
th.  oond.n..tlon  1.  .oco«pMl«l  by  th.  oonprM.lon  of  ga,  (p^  >  p^),  j, 


IT/ 


TABLE  4-2 


Poatlblo  Typas  of  Condensation  Shocks 


'  HopKUMa*  cocTtii- 
-  vMmmii  cKopncrN 
MpcA  e.aHKo\< 

-m - 

OrMOillfHHe  KpMTHMe- 
CKNX  cKopocreft 

lliifJa.ifcHHii  cocTJin* 
•mioiHafl  CKn(>ocrH 

»•  CKE'lKOH 

Tiin(dJ 

CKSima 

<«i 

1. 

CKai^‘ 

paspciKc- 

Him 

2- 

1  >«. 

3- 

r 

Ckhiok 

4. 

yonoTHC- 

KHII 

KEY:  (a)  Noiml  componant  of  speed  before  shock} 
(b)  ratio  of  critical  speeds;  (c)  Normal  component 
of  speed  after  shook;  (d)  type  of  shock;  (e)  expan¬ 
sion  shock;  (f )  shock  wave* 


•hoeks^  oonpespondlng  to  conditions  e^<  aj^;  <  a^  and  in  ^ch  the  conden¬ 

sation  is  acconpanled  by  rarefaction  of  gas  (p2<  p^)*  Shocks  corresponding  to 
the  relationships  a^  and  cannot  be  actually  realised,  since  such  a 

•hock  would  be  displaced  relative  to  the  gas  which  is  ahead  of  it  with  a  supersonic 
speed  and  its  genesis  could  not  be  reflected  in  the  state  of  this  gas. 

Condensation  shocks  in  a  subsonic  flow  cannot  transfer  gas  into  a  regl,on  of 
supersonic  speeds  (c^  <  a^;  0^,2'^  ^2^'  since  in  this  case  it  is  necessary  to  di¬ 
vert  frcQ  the  gas  heat,  which  does  not  correspond  conditions  of  condensation. 

Ws  shall  detennlne  the  change  of  entro;^  in  condensation  shocks. 

In  particular  case  k  ■*  0,  we  shall  obtain: 

H  -  Ale  [(I 

Foraula  (4-54)  contains  the  ratio  ,  tdilch  can  bo  found  by  equation  (4-46) 

/m 

by  substituting  k  ■■  0;  here  N  and  Ss  are  determined  by  formulas  (4-44)  and 

""  2  ft 

(4-45). 

Studying  equation  (4-54),  it  is  possible  to  be  assured  that  fo:*  shocks  of 
the  first  three  types  (Table  4-2)  4j>0.  However,  by  drawing  upon  the  subsidiary 


condition  (thcmodynamic  atate  before  shock  must  correspond  to  the  beginning  of  a 
rapid  condensation)  and  considering  the  effect  of  the  heat  exchange,  it  is  possible 
to  show  that  the  shock  of  first  type,  as  well  as  fourth,  is  impossible. 


Fig.  4-36.  Dependence  of  the  relative 
pressure  and  H,  number  on  absolute  hu» 

■ddlty  X  in  LaVal  noszlea. 

Sxperlence  confirms  the  possibility  of  the  formation  of  shocks  of  second  and 
third  types. 

The  air  humidity  and  speed  of  flow  exert  a  decisive  influence  on  the  position 
of  shook,  its  shape,  and  intensity.  In  Fig.  4*>36  there  are  presented  curves  of 
relative  pressure  and  number  before  condensation  shook  of  depending  upon  absolute 
humidity  of  air  x  by  experiments  of  A.  A.  Stepohkov,  made  in  Laval  nozzles ,  With 
an  Increase  in  humidity  the  condensatim  shock  is  transferred  into  region  nf  lower 
numbers. 


a  —  change  in  position  of  oondensatlon  shocks 
In  Laval  nozzle  depending  upon  the  speed  v, 
and  relative  humidity  ■  |  ^  —  diagram  of 
■hock  In  nozzle. 

With  an  Increase  of  humidity  the  supersaturation  of  flow  of  air  by  water  vapor^ 
determined  by  the  ratio  of  the  partial  vapor  pressures  to  pressure  of  satura— 

tlon  and  also  the  sipercooling  AT— r,|— fi  4-36),  idisre  is 

the  temperature  of  saturation,  and  temperature  before  shock, decrease.  As 

the  humidity  increases  the  magnitudes  of  tlw  supersaturation  and  supercooling  de¬ 
crease. 

The  displacement  of  the  condensation  shock  depending  upon  humidity  Is  explains^ 
apparently,  by  the  fact  that  with  a  decrease  In  the  amount  of  water  vapor,  its 
condensation  occurs  at  a  lower  temperature,  corresponding  to  a  high  number. 

In  the  displacement  also  the  shape  of  the  shock  changes:  with  a  high  humidity 
the  shock  beooeiss  brldge-like  and  approaches  a  normal  shook;  with  a  decrease  In 
the  humidity  there  is  observed,  as  a  rule,  a  system  of  two  Intersection  shocks. 

/ty 


In  conclusion  let  us  note  that  the  discussed  theor7  of  condensation  shocks 
ignores  questions  on  the  mechanism  of  condensation — the  genesis  and  development  of 


nuclei  of  condensation. 


ITS 


CHAPTER  5 


NOTION  OP  GAS  DURING  PRESENCE  OF  FRICTION 

5-1*  Temperature  of  Stagnation  In  Vlsooua  Fluid 

In  anelysing  the  motion  of  ft  reftl  (vlsooua)  fluid  It  is  necessary  to  consider 
dlssipfttion  of  energy^  Cftused  by  internal  friction  and  thermal  eonduotion^  l<e.| 
thermodynamic  irreversibility  of  process. 

The  motion  of  viscous  fluid  Is  described  by  the  system  of  equations  of  con¬ 
servation:  flow,  momentum  and  energy.  Equation  of  continuity  (1-12),  as  has  al¬ 
ready  been  indicated,  is  valid  also  for  viscous  fluid.  Equation  of  momentum  in 
form  of  Euler  (1-16)  should  be  augmented  by  terms,  which  take  into  consideration 
the  Influence  of  viscosity. 

It  should  be  emphasised  that  for  Irreversible  processes  of  motion,  Integrals 
of  equation  of  motion  and  energy  do  not  conform.  In  deriving  the  equation  of 
energy  for  a  flow  (Sec.  2-1)  It  was  Indicated  that  It  was  valid  also  for  adiabatic 
(irreversible)  flows.  However,  this  remark  Is  fully  valid  only  In  particular  case. 
Whan  the  work  of  forces  of  friction  completely  will  be  converted  into  heat.  Such 
a  process  oorreiiponds  to  simplest  scheme  of  a  one-dimensional  flow  or  motion  of  gas 
with  a  uniform  field  of  speeds. 

In  analysing  the  motion  of  a  viscous  fluid  with  a  nonuniform  distribution  of 
speeds  in  the  flow,  the  condition  of  equivalence  of  frictional  heat  and  work  of 
friction  la  not  fulfilled.  In  such  a  flow  only  part  of  work  of  friction  is 
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transformed  Into  heat,  but  the  other  part  causes  a  purely  mechanical  effect: 
rebuilding  of  the  field  of  speeds,  in  process  of  which  there  occurs  a  redistribution 
of  kinetic  energy  between  particles  of  the  fluid.  It  follows  frcxn  this  that 
different  particles  obtain  a  varying  quantity  of  frictional  heat  and  have  a  varying 
reserve  of  total  energy.  Consequently,  the  condition  i^  »  const,  in  the  general 
ease  is  not  an  Integral  of  aquation  of  energy  for  entire  mass  of  fluid,  since  in 
the  flow  there  will  be  formed  a  local  redistribution  of  the  energy. 

As  example,  let  us  consider  motion  of  a  viscous  compressible  fltiid  between 
two  flat  walls  (Fig.  5-1) .  The  upper  wall  is  moved  in  direction  of  the  x-axls  with 


Pig.  5-1 «  For  deriving  equation  of  energy  for  flow 
of  compressible  viscous  fluid  between  two  flat  walls 
(flow  without  gradient) 

a  constant  speed,  equal  to  speed  of  gas  o«^  .  On  the  lower  wall  speed  is  oqiial  to 

a 

lero,  since  this  wall  is  motionless.  VS  assume  that  the  pressure  is  kept  constant 
along  the  x-  and  y-  axes,  i.e.j 

If  the  speed  of  notion  of  upper  wall  is  small.,  for  a  adiabatic  flow  it  is 
possible  to  assume  that  temperature  is  oonstant  and  identical  for  all  points  of  the 
flow.  If,  however,  magnitude  o  oo  le  fairly  high,  then  it  is  necessary  to  consider 
that  temperature  T  is  a  function  of  y.  In  such  a  flow  the  effect  of  compressibility 

SThe  considered  particular  case  of  motion  of  gas  is  call  Couette  flow. 
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It  dtvtloped  only  In  oonnaotlon  vlth  a  ohangt  In  temparaturo  of  gtji\  danslty  of 
ga»  Ttrias  In  accordance  with  the  formula  (for  an  ideal  gas) 

wan  Tiify  • 


Since  in  conaldarad  problem  the  apeada  along  the  x>axla  do  not  change,  and 
the  preaaura  ia  kept  oonatant  both  along  the  y-  and  x~axea  then  the  law  of  conser¬ 
vation  of  energy  la  formulatod  very  simply:  quantity  of  heat,  admitted  to  the  ele¬ 
ment,  plus  the  work  of  forces  of  frictions  la  equal  to  sero. 

Wa  shall  designate:  Q  aa  quantity  of  heat,  transmitted  to  element  in  unit  of 
tine  from  neighboring  particles;  i  la  the  atresa  of  friotlon.  The  quantity  of 
heat,  received  by  the  element,  is  determined  aa  a  difference  (Flg<  5-1): 


The  difference  between  the  works  due  to  frictional  forces  per  second  we  find 
bT.q«U«.  ((.+  *. 


or 


Then  equation  of  energy  will  be: 

^(-Q+«)-o, 

—  Q-f-tcss  const. 


The  oonatant  on  the  right-hand  side  of  equation  of  energy  is  determined  from 
boundary  conditions.  Thus,  at  y  0,  c  "•  0  and  Q  ^  Q^,  where  Q^ls  the  specific 
quantity  of  heat,  transmitted  to  flow  of  gas  trca  an  external  source. 
Consequently, 

—  Q^tc=  — <?,. 


For  a  laminar  flow  %  is  determined  by  formula  (1-4) 

Ms  remember  that  ^ 

Q - 


sThe  dimension  of  an  element  in  the  dlieotlon  of  s-sxis  is  adopted  for  the 


unit 


whara  1  ia  tha  ocafficiant  of  ihannal  conductivity. 


After  ainpla  trana formations  wa  obtain: 


Tha  nagnitude 


la  eallau  tha  Prandtl  numbar.  Lat  us  nota  that  tha  thamaX  eonduetivlty  and  vis¬ 
cosity  ooafflolants  appearing  In  tha  axpraaalon  for  Pr  depend  on  tha  taaparatura t 


A=:i(r)4«i|»=p(r). 


Tha  integral  of  aquation  of  energy  for  the  oase  P'  ■  const  mokes  it  possible 
to  assoolata  the  static  enthalpy  In  the  fleer  with  enthalpy  along  a  fixed  wall  in 
foUowlng  manner:  ^ 

where  in  a  linear  distribution 

Is  the  stress  of  friction  on  wall,  I,  =:  c^Tl  is  the  enthalpy  of  stagnation  on 

waU. 


Consequently, 

1— Ij-I- Pr-y.—  -Pf 

For  tha  upper  wall,  moving  together  with  flow  with  a  speed  o  ,  there  is 
readily  obtained: 


^y  means  of  (5-1)  and  (5'*la)  after  simple  transformations  we  find: 

« 1 4-  Pr  ^  I  _ 

Ws  find  for  tha  ossa  of  an  adiabatic  flow  (Q^  ■*  0)  a  relation  between  temp¬ 
eratures  of  stagnation  on  moving  wall  and  in  an  arbitrary  aaotion  of  flow  (at  a 
distance  y),  by  taking  into  oonaldaration  that  the  temperature  of  stagnation  lund 


(5-lb) 

(5-lo) 
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thttmodynoBle  t«n|Mr«tur«  ara  aafloolated  by  tha  ralatlonshlp 

fiy  baaring  in  nlnd  that  thara  ia  oonsidarad  tha  casa  «  const,  consaqusntJy 
i  e^T,  and  for  an  adiabatic  flow  arid  ■■  0,  from  ($~X)  and  (S-lid)  we  obtain: 

For  a  moving  wall  by  naans  of  aquations  (5<*la)  and  (5-ld)  wa  will  have: 

r.=r;+(i~P0^. 

Consaquantly, 

^«=l-(l-Pc)^f=l-(l-Pr)(C,-P)'  («) 

Formula  (5~2)  indlcatas  that  for Pr# tin  a  viscous  gas  tamparatura  of  stagnation^ 
i. a. f total  anargy  is  not  kant  constant  through  tha  saotion.  At  Pr  ■  1  tha  tamp¬ 
aratura  of  stagnation  *■  const,  for  all  points  of  flow. 

Tha  Pr  numbar  oharaotariias  tha  ralationship  batwaan  haat,  Ubaratad  dua  to 
friction,  and  haat,  allsdnatad  from  alamont  by  tharmal  conductivity.  At  Pr<l. 
which  takas  plaoa  for  all  gasas,  tha  haat  dissipation  is  acocnplishad  more  Intensive¬ 
ly  than  its  liberation.  In  this  case  T\<CTr  At  Pr>l  the  liberation  of  friction¬ 
al  heat  ooeure  more  Intensively  than  its  elimination,  and  r*>7‘,. 

For  a  perfect  gas  the  Pr  numbar  is  a  physical  constant,  independent  of  the 
state  of  goB. 

For  tha  more  general  case  of  a  two-dimensional  flow  of  gas,  when  the  speeds 
depend  on  x  and  y  differential  equations  of  energy  can  be  presented  in  such  a  form*: 


(5-3) 


i*Tha  derivation  of  differential  aquations  of  anargy  and  momentum  can  be  found 
in  tha  book  by  1.  0.  loytsyanskiy  at  al.  (Sea  list  of  rafarencas). 
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The  equatlonfl  of  moDnntum  with  the  addlton  of  terms  ^  considering  Influence  of 
▼iacoolty  (equation  of  NavleroStokes)^  are  written  in  the  following  form: 


(5-4) 


These  equations  are  supplemented  bjr  the  equation  of  continuity  (1-12)  for  a 
two-dimensional  flow:  a>  ^ 

(5^) 


equation  of  state  (1-1)  and  equation  of  friction^  for  example,  for  a  laminar  flow 
by  Newton's  law  (1-4)* 

During  Inwestlgatlon  of  motion  of  gas  in  pipes  and  channels  by  taking  into 
aeoount  the  Tiscoslty,  and  also  In  studying  the  flow  around  bodies  by  a  gas  flow, 
the  problem  reduces  to  determination  of  the  losses  of  energy  and  aerodynamic  forces, 
aoting  on  a  streamlined  surface.  For  this  purpose  it  is  necessary  to  solve  together 
the  closed  eystem  of  six  equations  (5-3) »  (5-4),  (5-4a),  (1-1),  (1-4),  by  determining 
the  unknown  functions  of  the  coordinates:  p,  p,  u,  v,  T  and  t  (for  a  steady  flow). 


5-2,  Conditions  of  Gas-Dynamic  Similarity 


In  connection  with  very  great  difficulties  of  solving  the  system  of  equations 
of  motion  In  the  general  case  (such  solutions  ai’e  obtained  successfully  only  for 
slsqylest  particular  oases)  In  practice  the  drag  coefficients  and  loss  factors  of 
energy  frequontly  are  determined  experimentally  by  means  of  testing  models  under 
laboratory  oondltons.  At  same  time  It  Is  necessary  to  observe  such  conditions  in 
testing  modela,  which  assure  the  reliability  of  obtained  results  and  allow  us  to 
extend  these  results  to  nattiral  objects. 
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Pin;.  5-£.  Schematic  Diagrcva  of  Sijjillar  flows. 

The  wideljr  applied  method  of  similarity  in  mechanics  allows  us  to  formulate 
the  indicated  conditions  of  model  tests  and  it  establishes  a  procedure  of  trons- 
ferrln^  results  of  laboratory  Investigations  to  objects  in  nature. 

The  aerodynamic  forces,  acting  on  a  streamlined  body  or  on  wall  of  a  channel 
(including  also  forces  of  resistances)  are  expressed  in  terms  of  dlmsnsionlesffi 
coefficients.  We  shall  establish,  on  what  kind  of  paramstsrs,  in  general  ease  the 
drag  eoefflolents  depend. 

For  this  purpose  let  us  consider  the  flow  around  two  geometrically  similar 
bodies  by  a  fluid  (Fig.  5-2).  j 

In  the  case  of  the  kinematic  and  dynamic  similarity  of  two  considered  phenomena^ 
the  fields  of  speeds  and  forces  in  the  two  flows  should  be  reciprocally  proportional. 
Then,  by  Introducing  scales  of  the  lengths  L,  time  T,  and  mass  M,  it  is  possible  to 
present  an  association  between  the  lengths  times  and  mosses  of  two  similar  flows 
in  following  manners  1'  »  T,l;  t‘-  g'  “  Mte. 

The  scales  of  all  other  magnitudes,  appearing  in  equations  (5-4),  rsadily  are 
expreassd  by  moans  of  the  indicated  scales. 

Lst  us  assume  that  equations  (5-4)  express  a  connection  between  flow  parameters 
of  the  first  flow.  6y  bearing  in  mind  dlmenaionallty  of  magnitudes,  appearing  in 
these  oquations,  reflected  In  units  of  measurement:  length  of  x,  y  [m],  speed  u, 

T  [m/seo],  density  p  [kg  *  kinematic  viscosity  v  * 

A  A 

•  seoVttl  end  pressure  p[kg/m'‘],  it  is  easy  to  associate  parameters  of  first  and 
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••oond  flows  by  nsans  of  scalar  coefficients 


s' 


zJL  s=zL‘  t  — 

^  — 


.M  . 
L*  • 


- 

>  !»'  T*L*' 


(5-5) 


Ifore^  end  above  the  priats  designates  flow  paraaieters  of  the  second  flow.  Re¬ 
lationships  between  paraiaeters  (5-5)  are  an  evident  resiilt  of  the  proportionality  of 
the  linear  dlosnslonsj  tines  and  masses  of  the  two  similar  flows* 

Sly  arranging  axis  of  the  coordinates  in  both  flows  identically^  by  neans  of 
substitution  of  relationships  (5-5)  into  the  first  equation  (5-4)  it  is  possible 
to  write  for  the  second  flow: 


*•  £“4- 


f/d*u  ,  •  I  I  d  (du  I  d£.\l 

lV5?+^*y“rT  51  AdT'rtfif  /J* 


(5-6) 


Squatlon  (5-6)  expresses  equation  of  monientum  in  a  differential  form  for  the 
second  flow,  written  out  in  terms  of  parameters  of  the  first  flow. 

All  terms  of  equations  (5-4)  and  (5-6)  have,  naturally  an  identical  dimension¬ 
ality,  ^  [nv'sec^],  of  which  one  is  readily  convinced  by  means  of  relationships 
(5-5).  In  order  that  the  flows  are  dynamically  similar,  it  is  necessary  that  they 
satisfy  one  and  the  same  differential  equations  of  motion*  It  follows  from  this 
that  complex  factors  in  front  of  terns  of  equation  (5-6)  are  identical,  l.e.y 

77  *"7 - AI  —  jyz 

or  ' 

1  =i.  — I- -t— I 

By  replacing  here  the  scalar  coefficients  f^‘om  (5-5)«  finally  ws  obtain  by 
taking  into  account  the  equation  of  energy  (5-3)  the  following  conditions  of 
similarity: 
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(5-7) 


V  -yr*  I  —  |.  p  ^,. 

f3  7^'  X — XT' 


Thus,  tho  two  flows  ars  d/nesdcsUy  sistllsr,  if  there  are  fulfilled  relation¬ 
ships  (5-7)  between  paraneters  of  these  flows.  Relationships  (5-7)  are  called 
criteria  of  similarity  (dimensionless  numbers).  The  first  relationship  (5-7)  es¬ 
tablishes  an  equality  of  the  Reynolds  numbers  in  the  two  flows: 

Re  =  ^  =  Re'. 

The  Reynolds'  number  expresses  the  relationship  between  forces  of  visoosity 
and  forces  of  inertia  in  the  flow. 

The  second  condition  is  unique,  where  there  appear  similar  time  intervals  t 
and  t',  and  it  is  obtained  as  a  result  of  t)w  similarity  of  terms,  containing  the 
local  aeeelsratlons  (  ^  and  ^  )  in  tho  equations  of  motion.  The  local  accel¬ 
erations  characterise  only  transient,  including  also  periodic,  processes  of  motion 
of  a  gas.  Consequently,  second  equality  is  condition  of  similarity  for  transient 


flows. 


The  relation 


is  called  the  Strouhal  number;  for  a  periodic  motion. 

where  n  ■■  ^  is  the  frequency  of  periodically  nm-stationary  process. 

The  third  equation  gives  an  equality  of  a  dimensionless  number  which  takes  into 
consideration  tho  influence  of  body  forces  in  the  flow.  If  the  acceleration  in 
field  of  Earth's  attraction  can  be  assumed  to  be  constant  (g  »  g'),  then,  this 
crlterium,  called  the  Froude  number,  is  readily  presented  in  such  a  form: 


i 
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In  g«a  fXovs  the  Influence  of  body  forces,  as  a  rule,  is  small  and  therefore 
the  Ft  number  during  the  simulating  of  gas  flows  is  not  taken  into  account. 

Fourth  equation  (5~?)  expresses  connection  between  static  pressures  and  velocity 
heads  at  similar  points  of  similar  flows*  The  magnitude 

can  be  considered  as  a  characteristic,  which  takes  into  consideration  the  Influence 
of  compressibility.  Here  it  is  easy  to  check,  by  replacing  p  in  terms  of  speed 
of  sound. 

M* 


Then,  for  the  two  flows  we 


obtain: 

<• 


or 


a 


Conaequantly,  identity  of  the  p  numbers  has  as  Its  own  consequence  an  equality 
of  kM  numbers  at  similar  points  of  flows.  It  follows  from  this  that  the  M  number, 
known  by  us  from  the  preceding,  emerges,  as  the  dimensionless  numbers,  idiloh  reflect 
the  property  of  oonpressibility.  To  the  same  degree  also  index  of  isentropy  k  in 
a  perfect  gas  should  be  considered  as  a  dimensionless  number. 

In  considering  differential  equation  of  energy  (5~3}  for  compressible  viscous 
fluid,  can  be  obtained  additional,  already  familiar  from  the  preceding^ Prandtl 


dlmsnsionless  number: 


Tran  this  equation  there  ensues  also  identity  of  criteria  k  and  M  for  the  gas 
flows. 

In  a  turbulent  flow  there  is  Introduced  the  important  characteristic — the 
degree  of  turbulence:  — 
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!■ 


wtMire  is  th«  Man  squara  rata  of  the  pulsation;  e  is  instant- 

sous  Yalua  of  spaed;  is  average  speed  of  turbulent  flow: 


In  sumiarlsingt  let  us  note  that  necessary  conditions  of  similarity  of  two 
flows  reduce  to  an  equality  of  the  determining  criteria  at  similar  points  in  nature 
and  models  and  of  the  identity  of  initial  and  boundary  conditions* 

An  analysis  of  equations  of  motion  and  the  dimensionality  of  magnitudes,  deter¬ 
mining  the  resistance  of  streamlined  body  or  loss  of  energy  in  flow  of  gas,  showed 

that  the  corresponding  dimensionless  characteristics  of  the  drag  are  functions  of 

e 

the  fundamental  dimensionless  numbers: 

Pr.  Sh.  £); 

<«C(Re.  M.  Pr.  Sh,  £*).  .  , 

where  u^—  is  the  drag  coefficient  (see  Seo«  5-^); 

C  —  is  the  loss  factor  of  energy  (see  Sec.  4-5;  5-14;  8-5  at  al.) 

In  an  investigation  of  different  phenomena  not  all  the  criteria  have  an  ident¬ 
ical  physical  value.  Depending  upon  the  specific  problem  one  or  several  criteria 
may  have  predominant  value,  tdiile  another  group  of  criteria  does  not  exert  a  marked 
effect  on  characteristics  of  the  motion. 

Thus,  for  example,  for  a  ateady-motlon  of  incompressible  fluid,  the  N  and  Sh 
numbers  lose  their  meaning  and  the  dependence  (5-7a)  is  simplified. 

MLth  a  oonsideration  of  the  compressibility  in  a  steady  motion  for  gases  with 
identical  physical  properties 

The  equality  of  all  dimensionless  numbers  can  be  assured  only  in  an  experiment 
involving  natural  phenomena;  this,  however  is  associated  with  major  difficulties. 

*  In  the  relationship  (5-7a)  criterion  k  does  not  appear,  since  according  to 
molecular-kinetic  theory  of  gases,  the  condition  Pr  Pr'  is  equivalent  to 
condition  k  ■■  k'. 


196 


Usually  there  Is  mads  an  approximate  similarity  (partial  modeling)  on  the  basis  of 
one  or  two  of  the  most  important  criteria.  Results  of  experiment  are  simply  cor¬ 
rected  also  for  other  criteria^  If  there  are  known  the  values  of  these  criteria  in 
the  experiment  and  dependence  of  studied  characteristics  on  these  criteria. 

In  an  Investigation  of  flows,  in  tdiich  there  are  two  or  three  determining 
criteria  (for  example,  Re,  and  M  or  Re,  M  and  Sh),  it  is  necessary  to  put  principles 
of  individual  modeling  into  practice,  i.e.,  to  assure  possibility  of  independent 
change  of  each  of  the  criteria  in  a  specific  range  of  its  values. 

In  conclusion,  let  us  note  that  the  above-considered  method  of  dimensional 
analysis  may  prove  to  be  very  effective.  If  there  are  known  the  physical  parameters, 
determining  investigated  process,  but  it  does  not  succeed  in  eolvlng  or  even  in 
writing  out  a  system  of  differential  equation  of  the  problem. 

In  these  eases  the  method  of  dimensionality  in  combination  with  exparimental 
data  makes  it  posslblo  to  obtain  a  solution  for  a  whols  class  of  naohanleally 
similar  phenonsna. 

5-3*  One-dimsnsional  Flow  of  Jaa  In  ths  Presence  of  Friction. 

BMte  Bouations , 

Basic  equations  of  a  steady  adiabatic  motion  of  a  viscous  gas  are  the  well- 
known  equations  of  continuity,  moBientuffl,and  energy. 

The  equation  of  momentum  of  a  one-dimensional  steady  flow  without  an  exctiange 
of  energy  from  the  environment  in  the  presence  friction  can  be  written  in  such  a 
form: 

where  dX.  la  ths  unit  Impulse  of  ths  frictional  force, 
tp 

The  magnitude  dX^^  can  be  expressed  by  the  hydraulic  formula: 
where  ;  is  the  drag  coefficient;  D  is  the  inner  diameter  of  pipe. 
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iEtf  iolving  oariionly  iht  •quatims  (5*>8)»  (5**9)»  (2>14)  and  (2-6)  th«re  can 

H/isr  T'l  > 

ba  obtained  a  differential  equation  of  dlatrlbutlon  of  speeds  along  a  tube  of  yari- 
able  oross-aeotlon  by  taking  into  consideration  the  influence  of  yiseosity.  It  is 
obvious  that  this  equation  is  analogous  to  (2-29) «  but  it  should  contain  still 
another  tens  idiich  takes  into  eonalderatlon  the  influence  of  vlecoslty.  Simple 
eoeiputations  result  in  such  an  expression: 

(5-10) 

Share 

A  foraula«  determining  change  of  pressure  of  flow  along  a  tube  of  variable 
cros8-section«  by  following  the  already  known  nethodj  discussed  in  Chapter  2,  can 
be  obtained  in  the  following  form: 

_  ik  (,tp  m  **  _\  te  iiX 

'y — rn  t--- nrr7--  .  (5-u) 

\  / 

From  equations  (5*’10)  and  (5**11)  it  may  be  concluded^  that  the  variation  of 
parameters  of  flow  in  a  tube  of  variable  cross-section  takes  place  under  the  in¬ 
fluence  of  two  fadtora:  deformation  of  flow  (eahnge  in  tube  section)  and  forces  of 
friction*  Equations  show  that  influence  of  friction  always  is  unilateral.  Thus, 
for  example,  at  subsonic  speeds  (  i<  t  )  in  a  narrowing  tube  (dP>0)  friction  pro¬ 
motes  the  acceleration  of  flow  (  dl>0  and  d/;<0).  At  supersonio  speeds  in  the 

i 

same  tube  (^^<0)  friction  results  in  a  more  gradual  drop  in  the  speed  and  corre¬ 
spondingly  to  more  gradual  increase  in  pressure  in  oooqparlson  with  an  ideal  process 
without  losses* 

I 

From  equations  (5-10)  and  (5-11)  it  follows  that  in  simplest  case  of  tube  of 
nonvarying  orose-seeticn  (dF  *  0)  at  i<l«  we  have  ^>0  and  ^<0  and, 
consequently,  flow  is  accelerated*  It  ie  simple  to  see  that  in  this  case  at  a 
supersonic  speed  (1>1)^<0:  the  flow  is  decelerated, 

l .  |n  coisparing  the  influence  of  a  change  of  section  of  tube  (deformations  of  tube 
'  of  flow  [stream  tube])  and  influence  of  friction,  it  may  be  concluded,  that 'in 


!  subsonic  snd  supsrsonic  flows,  friction  qualltativsljr  results  In  the  somo  change 

;  It,.  - 

in  spsed  of  flow,  as  a  decrease  in  the  section  of  tube. 

Consequently,  Influence  of  forces  of  friction  In  a  flow  can  be  replaced  by  an 
'  equivalent  deformation  of  the  stroam— l.e.^by  a  decrease  of  its  section  In  the 
;  direction  of  the  motion. 

I 

The  oonqjetence  of  such  a  replacement  results  ffon  the  following  considerations. 
The  motion  of  a  gas  in  a  tube  without  an  energy  exchange,  but  in  the  presence  of 
forces  of  friction  is  an  irreversible  adiabatic  process.  Such  a  process,  as  we 
have  already  known,  is  accompanied  by  an  increase  in  entropy.  The  increase  in 

I 

entropy  can  be  expressed  by  equation  (U~27)» 

For  a  system  without  an  exchange  of  energy  (by  bearing  in  mind,  that  Tq^  ■" 

■T  and  that  the  equation  of  state  gives  we  obtain: 

i  02  .  y*i  Ni  / 


Since  the  entropy  Increases  in  direc^on  of  flow,  the  pressure  of  stagnation 
should  decrease. 

I  oa 

On  basis  of  equation  of  continuity 
,  us  note  that  in  both  cases  at  identical 
subject  to  frictional  forces  must  be  larger  than  for  an  isentropio  flow. 

I 

The  magnitude  can  be  considered  as  active  section  of  the  stream.  For  a 

I  tube  of  constant  section  (F  »  const)  it  is  obvious  that  an  active  section  i,f  in 
presence  of  friction  deoreases,  since  the  magnitude  *.  decreases. 

Squatlon  (5'-10)  may  be  used  for  certain  conclusions  about  the  location  of 
section,  corresponding  to  extreme  values  of  speed.  Vta  express  frooi  equation  (5->10) 
'  logarithmic  derivative  of  the  section: 


(2-41)  for  two  sections  of  the  tube,  let 
^gnltudes  F^,  and  the  section  F^ 


4r 


'  1 

it  follows  from  this  that  at  (/i  =  o  and  i^\ 


I+l 


i* 


(5-13) 


4e 
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0. 


Coni«q|Mnt37«  «  ••oiloiit  oomaspondlng  to  m  Buodmum  spoed  at  !<!  and  to 

nr.'ir  ii:;r  :  • 

■dninum  apaed  at  1>1,  doaa  not  coincide  with  the  minimum  aaotloni  but  la  dlaplaced 
towarda  the  expanding  portion  of  the  tube.  Correapondinglyi  the  aeotlon  in  the 
direrglng  portion  of  tube  alao  correaponda  to  the  critical  condltiona  ( ). 

Thia  aaana  that  the  minimum  and  critical  aeotlon  of  tube  in  the  preaence  of  friction 
do  not  coincide.  In  thia  caae,  by  aaauming  in  ($-10)  1  —  1,  we  obtain: 


Prom  equation  (5-10)  for  a  oyllndrioal  tube 


we  obtain: 


(i*'” 


(5-14) 


From  preceding  conalderatlona  and  alao  directly  from  an  analyala  of  equation 
(5-14)  it  la  eaCy  to  roach  the  oonclualon  that  the  critical  apaed  of  flow  can  occur 
only  In  exit  aection  of  cylindrical  tube.  Actually,  aeoordi.ng  to  equation  (5-14) 
at  1<1  and  dX>0  the  flow  in  pipe  la  accelerated,  and  at  X>1  .  and  dX<0 
it  ie  decelerated.  The  oaae  1=:1  in  Intermediate  aection  of  tube  contradlcta 
equation  (5-14)  and  la  phyalcally  unrealiatlo. 

Lai  us  aaauaa  that  drag  coefficient  ia  a  constant  value.  Then,  equation 

(5-14)  can  be  Integrated.  I 

! 

The  Integral  of  equation  (5-14)  we  write  as:  | 

*  •  rT  (5-14a) 

where  A^is  the  dlmanalonless  speed  in  initial  section  of  tubej 

lie  dimnnslonlesa  speed  in  certain  aeotlon  at  a  distance  of  5c  from  the 

.  J  ■  ■  i 

initial  section.  . | 

eSuoh  assumption  is  justified  only  aa  a  first  approximation.  In  reality  c 
depends  on  the  Re  and  M  numbers . 
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Wb  IntroducB  a  dimansionless  coordinate,  *fhich  is  called  the  reduced  length 


of  tube: 


2*  r=- 


Then,  equation  (S-lAa)  nay  be  written  out  as: 

The  relationehip  betmen  l  and  /  with  a  constant  value  of  1,  is  shown  In 
Fig.  5-3 «  Magnitude  Y.  has  a  naxlmuffi  at 


Kaxifflum  value  of  reduced  length  of  tube  is  eaqpressed  bgr  the  formula 


:•  I 


I 


(5-16) 


The  curves  x(^)  }  oonslst  of  two  branches,  corresponding  to  subsonic  (i<l)i 
and  supersonic  (1>I)  flows  in  a  pipe  of  constant  section  (Pig.  5-3}* 

The  curves  graphically  illustrate  the  laqiossibllity  of  a  transition  of  speeds 
in  a  cylindrical  tube  from  one  region  to  another.  In  such  a  tube  as  was  shown 


Fig.  5-3*  Dependence  of 
dimensionless  speed  at  exit 
of  tube  on  speed  at  entry 
and  the  reduced  length  of 
tube. 


above,  with  a  definite  speed  at  entry  i,  and  corresponding  length  at  exit,  there 
will  be  attained  a  critical  speed 

^he  section  of  curve  AB  (Fig.  5-3)  corresponds  to  subsonic  flows  at  entry  into 
tube  (1,  <I)  while  the  section  CB  corresponds  to  supersonic  (1,>I)  •  Point  B 
^  detenidnes  the  maximum  magnitude  of  the  function  7.  for  a  given  value  of 

I 
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Ftobi  fornuXa  (5-X6)  It  follow  that  whan  1^=:1  y  e=sO. 

Graphically,  the  depandanco  (5>16)  la  praaantad  in  Pig.  5-4*  Tha  curve  alao 
haa  two  branehaa.  The  lower  branch  eorraaponda  to  aubaonic  apeada  at  tuba  entry 
and  the  upper  to  auperaonic  apaada. 

Thua,  equation  (5-16)  ahowa  that  for  cylindrical  tube  of  given  dlatenalons  1 

and  D  at  a  apead  at  tube  exit  1  and 
for  definite  values  k  and  c »  diiaen- 
aionleaa  speed  at  tube  entry  is  and  at 
the  sane  tine  the  reduced  gas  flow  has 
strictly  specific  values. 

At  a  subsonic  speed  at  entry  to  a 
cylindrical  tube  of  length  characterlaed 
by  a  drag  coefficient  c,,,  in  a  steady 
notion  there  can  paas  through  a  maxinua  amount  of  gaa,  if  i,  =  I. 
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Pig.  5-4*  Maxlnnin  reduced 
length  of  tube  depending  up¬ 
on  speed  at  entry. 


The  absolute  flow  of  gas  thrbugh  a  tube  of  naximum  length  will  be  equal  to: 


Mt.ll 


p  a  ■■ 


a*  \  \  d 
irqri  *1 1^)1  j  P.."" 


By  remembering  that 


»  _ 

/a  \*^l/  W~  Py 

[k+i)  r  + 


we  obtain: 


I 


(5-17) 


^  (* +tjr  *!•«>.(*  *  +  f  i"»* )  v  fT  ■ 

Thus,  for  increasing  the  absolute  flow  of  gas  through  cylindrical  tuba  of 
apeoifio  dimenalona  it  is  necessary  to  increase  pressure  of  total  atagnation  at 
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tubo  entiy  or  with  constant  valuo  to  decrease  the  temperature  of  stagnation 

T  .  At  the  same  time  at  exit  section  of  tubo  there  will  be  as  before,  a  critical 
o  ' 

■peed,  the  absolute  value  of  which  decreases  as  the  stagnation  tenperature  lowers « 
However,  the  flow  will  Increase  owing  to  the  increase  in  deneitjr. 

At  supersonic  speeds  at  tube  entrjr  as  the  experiment  shows  there  are  detected 
certain  new  properties  of  the  flow,  >diich  are  not  described  bjr  equation  (5~15)« 
let  us  note  that  according  to  equation  (5‘’15)  st  1|>1  speed  in  tube  must  oontin- 
uousljr  fall  towards  exit  section  according  to  curve  CB  in  Fig*  5-*3«  #nd  the  pressure 
~aorre8pondlngljr  continuously  Increases .  However,  in  reality  the  change  in  spoeds 
and  pressures  in  tube  in  a  number  of  oases  occurs  Intermittently* 

Prior  to  a  more  detailed  discussion  of  this  ease  of  motion  of  gas,  we  shall 
find  dependencies,  determining  variation  of  parameters  of  flow  between  two  arbitrary 
sections. 

Since  in  an  laolated  tube  1^  ••  const,  then  for  any  two  sections  there  can  be 
written  «■  -  const*  Prom  this  condition  we  obtain  equation  for  T/T^  in 

the  form  of  aquation  (2-22)* 

For  ratios  of  the  pressures  it  is  possible  to  use  formulas  (2-41a)  and  (2-42)* 
After  slaqple  transformations  we  obtain  an  association  between  the  static  and  total 
pressures  in  the  following  form;  ,  *  —  •  , 

gr“(r+i)  — 1 —  •  (5-ia) 


Hence,  at  ls=l,s=l  ,  thera  Is  determined  the  critical  ratio  of  pressuras: 


a 

%5=r 


(rfi) 


(5-19) 


Formula  (5-19)  ahows  that  the  critical  ratio  of  pressures  —  for  irreversible 
flows  will  be  lees  than  for  laentropio  flows  for  which 


* 


Bquatlons  (i>-l8)  and  (5-15)  moke  it  possible  to  construct  graphs  of  the  change 
in  pressures  along  a  tube  for  given  values  of  q^  and  /  . 
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,  ,  K  graph  is  ahown  In  Fig*  5-5  for  th«  oaae  of  suporsonlo  apead  at  tuba 

antry  »  1,76  aivl  q2^  ««  0.453  •  Hara,  tha  ourva  AB  charaoterlaas  Incraasa  in 
praasura  in  tuba  to  a  critical  value  at  point  B,  equal  to: 

•  *=n0,628-0,453  =  0.239. 

« 

If  thara  la  known  tha  distribution  of  apaada  along  tha  tuba  and  It  readily  la 
calculated  by  aquation  (5-14a}  than  it  la  poaslbla  by  fonmilaa  (4**20)  and  (4-24) 
to  datemlna  speeds  and  prasauraa  after  a  noroal  shock  wave  in  each  given  section 
(line  CB). 

After  a  nomal  shook  tha  flow  la  subsonic  andt  consequently)  the  pressure  in 
it  under  tha  forces  of  frlotlon  should  fall*  lltuS)  if  a  normal  shook  oooura 
directly  in  tha  entry  saotlon)  than  a  subsequent  change  in  pressure  proceeds  accord¬ 
ing  to  curve  CD* 


Fig*  5-5.  Distribution  of  pressures  along  a  tube  of  constant 

section* 

The  character  of  the  change  in  pressures  in  the  subsonic  section  of  tube  at  differ¬ 
ent  intermediate  positions  of  the  shock  are  presented  respeotlvely  by  the  curves 
FM)  HN  etc.  A  diagram  of  pressures  makes  it  possible  to  analyse  the  different 

I 

modes  of  flow  in  the  tube* 

At  the  indicated  speed  at  entry  and  the  reduced  flow  of  gas  q^,  modes  In 
a  tube  without  shocks  are  possible  in  those  caseS)  when  »  where  the  max¬ 

imum  value  of  reduced  length  corresponds  to  point  B.  Under  the  condition 
Shooks  in  tube  occur  only  vdille  pressure  at  tube  exit  is  greater  than  corresponding 
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pressvire,  indicatad  by  curve  AB. 

Let  u8  asaxnne  that  the  tube  has  a  length,  determined  by  point  1  (X  0.3^) 

and  pressure  for  exit  section  is  given  by  point  L,  which  lies  on  the  curve  CB.  In 
this  case,  the  normal  shock  is  located  in  exit  section  of  tube  IL.  If  pressxire  of 
medium,  where  gas  flows  from  the  tube,  is  determined  by  point  K,  then  the  normal 
shock  is  transferred  into  the  tube  and  is  located  in  section  EF,  in  which  section 
FK  corresponds  to  a  lowering  of  the  pressure  in  the  subsonic  section  of  the  tube. 

A  subsequent  increase  of  pressure  in  the  medium  results  in  a  subsequent  displacement 
of  the  shook  into  the  tube  (toward  entry  section). 

If  pressure  of  the  medium  is  determined  by  the  point  S,  then  in  the  tube 
shocks  do  not  occur  while  in  the  flow  issuing  from  the  tube,  there  will  form  a  • 

;  cone  shock  (or  system  of  plane  oblique  shocks,  if  the  tube  is  of  a  rectilinear 

I 

section).  With  a  decrease  in  pressure  to  magnitude  of  pressure  of  point  I,  the 
intensity  of  the  cone  shook  decreases.  At  point  I,  the  cone  shock  degenerates  into 
I  weak  conical  wave,  at  the  intersection  of  tdiich  entropy  does  not  change.* 

^  If,  finally,  the  pressure  of  medium  is  less  than  pressure  at  point  I,  then 
behind  the  exit  section  there  will  form  a  conical  stationary  wave  of  rarefaction 
and  the  flow  of  gas  is  extended  beyond  the  confines  of  the  tube. 

Curves  of  pressures  In  tube  (Fig.  5-5)  show  that  with  a  constant  length  X  and 
outlet  pressure  with  an  Increase  of  speed  at  entry  a  normal  shock  Is  dl8~ 

placed  towards  the  exit  section.  With  an  increase  in  resistance  of  tube  (by  means 
of,  for  example,  connection  of  an  additional  section  of  tube)  the  displacement  of 
shock  occurs  in  the  opposite  direction  (toward  tube  entry). 

5-5.  Frictional  Losses  in  a  CyHndrical  Tube 

‘5  (Experimental  Data) 

Above  there  was  considered  motion  of  viscous  gas  in  a  tube  under  the  assumption 

'M^Different  systems  of  shocks  forming  in  flow  at  tube  exit  are  considered  in 
.  detail  in  Chapter  6. 
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that  tha  drag  eoafflelant  r  ia  constant. 

In  reality,  drag  coefficient  depends  on  the  Reynolds  nuuber  and— in  a  general 
case— on  the  dinsnelonleas  speed  M.  Such  a  dependence  has  been  established 
experisMntally. 

The  Reynoldd  number  for  a  arbitrary  section  of  a  cylindrical  tube  is  determined 

pcD 

by  the  formula  Re=®-pr* 


For  a  cylindrical  tube  yj_, 

=  f,  ■'  : 

consequently, 


- 


C|0  . 


(MO) 


From  formula  (5-20)  It  is  evident  that  the  Re  number  varied  along  tube  only 
as  a  rssttlt  of  a  change  in  the  coefficient  of  viscosity  t»,  which  depends  on  the 
testperaiure.  It  is  possible  to  show,  however,  that  in  heat-insulated  tube  the 
changes  in  temperatures  are  small.  Thus^  with  a  change  in  speed  of  the  water  vapor 
in  a  tube  from  l,ss0,2  to  l,=3l  temperature  varies  by  llj(,  while  the  pressure 
decreases  by  4.5  times  and  the  density  by  5  times. 

The  change  in  coefficient  of  viscosity  of  air  depending  upon  temperature  can 
be  evaluated  by  the  approximate  formula 

I 

where  a  is  a  constant  value;  p,  is  a  coefficient  of  viscosity  at  the  temperature 
T  -  273*.  , 

On  basis  of  experimental  data  for  air 

Sca0,76;  S3 1,76*  lO**'.  ^ 

4  more  simple  dependence  for  p  is  ejqjressed  by  the  formula 

f.  10*  s=  1,757 -f.  0,00483/’ C 

The  basic  problem  of  experimental  investigation  of  adiabatic  flows  of  gas  in 


tubes,  reduces  to  a  determination  of  the  drag  coefficients  c  and,  consequently, 
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to  detamdnlng  the  losses  of  energy.  The  procedure  of  experinentallly  determining 
the  local  values  of  drag  coefficients  in  different  sections  of  tube  is  based  on 


equation  (5-d),  vhlch  after  dividing  all  terms  by  a^  acquires  the  form: 


(5-22) 


ly  noting  that  for  a  cylindrical  tube  the  product 
Is  a  eoMstant  value  by  bearing  in  mind  (2-46),  ms  write  equation  (5-22)  out  in  the 


form: 


Fn >it  j-  '.I  iii'if. 


Here,  the  function  «  depends  only  on  2  according  to  formula  (2-46a). 

After  substitution  of  this  function  we  obtain: 

Hence,  it  Is  possible  to  express  the  drag  coefficient: 

Equation  (5-^3)  is  the  original  for  experimental  determination  of  local  values 


of  C  By  proceeding  in  this  equation  to  finite  differences,  mb  will  have: 


l-f  1/  1  < 

=  — 


(5-24) 


If  there  are  known,  the  flow  of  gas  G,  the  stagnation  temperature,  T  and  the 

o 

distribution  of  pressures  along  the  tube  [p  *  p  (x)],  then,  according  to  formula 

(5-24)  there  can  be  found  an  average  drag  coefficient  for  a  certain  small  sector 

0 

of  tuba  of  length  gx  •  If  the  sectors  dxare  chosen  small,  then  the  value  of  c 
determined  in  such  a  way  does  not  differ  greatly  from  its  local  value. 

For  finding  the  connection  between  p  and  1  it  is  possible  to  use  formula 
(5-18).  ' 

After  having  substituted  the  value  q,here  from  the  equation  nf  continuity. 


we  obtain: 


Os, 


(5-25) 


■ry  .f. 
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L*t  ttt  consider  &t  first  osrtsin  results  of  sn  experimental  investigation  of 
flows  at  low  speeds  in  oylindrioal  tubes. 

In  Fig.  5-6  there  is  shown  the  change  of  velocity  profile  in  tube  depending 
upon  the  Re  number  for  a  turbulent  mode.  Here  is  drawn  diagram  of  speeds  for  a 
laminar  flow  in  a  tube.  A  comprarison  of  the  curves  shows  that  velocity  profile 
in  a  turbulent  mode  la  significantly  more  "filled  in",  than  in  a  laminar  flow,  and 
besides  with  an  Increase  in  the  Re  number  the  flUing-in  of  profile  increases. 


mu 


BBBlIIIHil 


V  V  A*  ns  PJ  PS  PS  fM 


Fig*  5-6.  Distribution  of  speeds  in 
laminar  and  turbulent  modes  in  a  tube. 

KEI<  (a)  Turbulent;  (b)  Laminar. 

I 

As  is  known,  during  a  turbulent  motion,  occurring  in  tubes  at  Re  >3  000.  dis¬ 
placements  of  the  macropar tides*  in  a  transverse  direction  take  place.  Here, 
particles  of  the  external  flow,  possessing  great  kinetic  energy  in  being  transferred 
to  the  surface,  increase  the  kinetic  energy  of  the  particles  along  the  wall  moving 
at  low  speeds,  and  conversely,  the  particles,  which  have  moved  from  the  wall  to 


^Ry  macropartioles  are  understood  particles  of  a  fluid  (gas),  containing  a 
fairly  large  number  of  moleoules-micropartieles,— for  possibility  of  applying  laws 
of  statistics  to  them. 
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eor«  of  flow,  retard  here  the  motion  of  fluid. 

In  accordance  with  change  of  profile  of  speed  depending  upon  the  Re  number, 
the  drag  coefficient  of  the  tube  must  also  vary  as  a  function  of  this  parameter. 

For  an  evaluation  of  the  drag  coefficient  of  cylindrical  tubes  at  low  speeds 
it  is  possible  to  use  curves  of  the  All«4Jnion  Thermotechnical  Institute;  these 
curves  were  constructed  by  G.  A.  >Airin  (Fig.  5-7).  Here  the  C  coefficient  is 
presented  in  relation  to  the  Re  number  and  the  value  inversely  proportional  to  the 
relative  roughness  D/A,  ,  where  A,  is  the  average  height  of  protuberances  of  the 
roughness.  Let  us  note  that  at  large  values  of  D/A, (small  roughness)  values  of  C 
according  to  curves  of  the  All-Union  Thermotechnical  Institute  satisfactorily  agree 

with  tho  Nikuradae  formula: 

I  ^=-0.8+2io8(ReV'Cj.  6-26) 

I  ' 

The  All-Union  Thermotechnical  Institute  (VTI)  curves  and  formula  (5-26)  clearly 

I 

I  show  that  the  influence  of  the  Reynolds  number  on  drag  coefficient  in  a  smooth  tube 
'  extends  to  very  large  values  Rc^alO*.  As  the  roughness  increases  the  influence 
I  of  Re  (at  Re>210'  )  on  the  increase  of  roughness  lessens.  In  Fig.  $-7  the 
dotted  line  connects  points,  corresponding  to  those  Re  values,  above  which  the 
influence  of  this  parameter  is  virtually  unobserved.  To  the  right  of  this  line 
is  located  region,  which  conventionally  is  called  se If -mode lllng .* 

! 

Let  us  turn  now  to  a  consideration  of  influence  of  second  basic  dimensionless 
number,  the  M  number  on  the  drag  coefficient  in  tubes.  Corresponding  experimental 
,  data  were  obtained  at  Central  Scientific  Research  Institute  for  Boilers  and  Turbines 
(MOTsKTI)  and  at  Moscow  Institute  of  Power  Engineering  (MEI)**^  and  several  other 

i 

;  organisations. 

tReglon  in  which  drag  coefficient  is  Indepsndent  of  the  Reynolds  number. 

**k,  A.  Gxikhman,  N.  V.  Ilyukhin,  A.  F.  Gandelsman,  and  L.  N.  Maurits,  Journal 
,  of  Technical  Physics,  No.  12,  1954. 

MHfB.  S.  Petukhov,  A.  S.  Sukomel,  and  V,  S.  Protopopov.  Investigation  of  frlctioii 
drag  and  coefficient  of  Temperature  Recovery  of  Vteill  in  Motion  of  Gas  in  round  Tube 
with  a  high  subsonic  spsed.  Heat-power  Engineering,  1957,  No.  3. 
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Fig.  5-7.  Dapandanc*  of  drag  coafficiant  f  of  steel 
tuba  on  Ra  number  and  ralativa  roughness  on  baals 
of  All«Union  Blactro  technical  Institute  data. 

In  Pig.  5-d  there  ia  shown  the  distribution  of  static  pressures  along  length  of 

smooth  tube  at  subsonic  speeds,  corresponding  to  different  RSj^  and  numbers 

at  tube  entry.  In  acoox*danca  with  methodology  of  conducting  experiments,  curves 

i*i  Fig.  5—8  show  a  cumulative  influence  of  number  and  ratios  of  the  preseuras 

(Mj^  number),  since  a  separate  modeling  with  respect  to  Ro  and  M  was  not  realised. 

As  t  decreases  (Re^  inci'eases)  the  character  of  the  pressure  curves  varies  and 

especially  intensively  in  exit  section  (x  >60  to  70).  The  transition  to  large 

Re  and  values  is  accompanied  by  an  increase  in  the  pressure  gradient:  slope  of 
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fig,  5^*  Distribution  of  prsssuras,  tsnperstures 
And  apeads  along  langth  of  tuba  for  subsonic  spaads. 

linas  p  inoraases.  For  tha  group  of  uodas,  corresponding  to  supareritical  differ- 

antial  of  prassuras  in  tha  tuba,  tha  ststio  prassura  in  axit  saetion  axcaads  pras- 

sura  of  tha  anvironmant  but  it  is  shown  to  ba  lower  than  the  magnitude  ,  which 

corresponds  to  critical  outflow.  Tha  value  ijean  ba  found  b/  formulas  (5-19)  or 

(5-25)«  after  substituting  i=l. 

Tha  magnitude  /is  marked  in  Fig.  5-d  bjr  a  dotted  line.  It  follows  from  this 
that  tha  critical  section  which  does  not  oolnoida  with  exit  section  of  tuba  la 
located  inside  at  a  certain  small  distance  from  the  exit  section.  With  increase 
in  fall  of  pras^iuras  critical  section  is  displaced  towards  tha  flow. 

Special  investigations  of  exit  sector  behind  critical  saotion  show  that  in  this 
region  the  flow  possesses  supersonic  speeds.  Results  of  investigation  of  field  of 
speeds  and  pressures  in  exit  section  are  shown  in  Fig.  5-9.  Hera  there  is  clearly 
evident  tha  nonuniformity  in  tha  diatribution  of  static  prassuras  along  diameter 
of  tubO;,  >d)era  tha  pressiura  on  tha  axis  in  all  sections  behind  tha  critical  is 
higher  than  along  the  wall. 


Diagrams  of  spaads  (Fig.  5-9)  make  it  possible  to  conclude  that  thlcknoss  of 
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Along  dlametor  of  tubo  noar  exit  sootion. 

KKf:(A)  lilAit  of  boundary  layer; (b)  Behind  exit 
aeotion 

the  aubeonic  naxt-to-wall  layer  In  exit  aeotion  deoreaaea  in  the  direction  of  flow. 

It  la  poaalble  to  aaauna  that  auch  a  atruotura  of  flow  la  explained  by  interaction 
of  flowing  ateam  with  anvlonunent*  Owing  to  the  intenae  auction  from  the  nexfc-to-call 

layer.  In  the  anvironnant,  thera  ooeura  its  thinning  In  exit  aeotion  (Fig.  5-9) • 

In  thla  oonneetion  at  core  of  flow  there  are  created  oondltlona,  neoeaaary  for  a 
tranaltion  to  auparaonle  apaada:  aeotion  of  flow  core  Increaaea  downatreaa*  The 
preaaure  of  the  environment  "panatratea*'  through  aubaonie  part  of  naxt-to-wall 
liyer  Inalda  exit  section,  and  preasxire  on  wall  la  found  to  be  lower  than  the  praa- 
aure  on  the  axis. 

One  should  eaphaaiaa  that  a  reconatruotlon  of  the  flow  in  exit  aeotion  of  pipe 
la  accompanied  by  aharp  change  in  profile  of  speed  In  the  next-to-wall  layer. 

In  Fig.  5-10  thera  are  plotted  the  values  of  depending  on  M,  on  basis 

of  data  fFom  Central  Soientlfle  Research  Institute  for  Boilers  and  Turbines 
(M>  TsKTl)  and  Moscow  Institute  of  Power  Engineering  (MEI).  The  dependence  of  C 
on  Re  at  large  subsonic  speeds  according  to  experimental  data  is  maintained 

I 

practically  the  stma  as  for  an  inoompressible  fluid.  Consequently,  the  relation 
X,  taken  at  identical  values  of  Re,  reflects  influence  of  only  the  N  number. 
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.•MEI  experiments  I  I 
*M0  TsKTI  experlnusnisi 


Fig.  5-10,  Dependence  of  drag  ooefflelent  on  M  number  at  subsonic 
speeds  on  basis  of  data  of  Central  Scientific  Research  Institute 
for  Boilers  and  Turbines  (NO  Ts  KTI)  and  the  Moscow  Institute  of  Power 

Engineering  (HBI) 

The  graph  in  Fig.  5-10  shows  that  at  M<0,70  to  0,75  drag  coefficient  is  in¬ 
dependent  of  M  and  is  very  close  to  For  this  region  the  calculation  of  C  can 

be  made  by  any  empirical  formula  [for  example,  (5-26)]  or  by  the  All-Union  Technical 
Institute  (VTI)  curves.* 

In  the  range  of  M  numbers  0.0  to  O.B  and  Re  3.10^  to  3*10^  the  formula,  ob¬ 
tained  at  the  Moscow  Institute  of  Power  Engineering  (MSI)  agrees  satisfactorily  with 


the  experiment: 


C«0,03'J4Rc;^ 


(5-27) 


where  Re^  *•  Re  x  is  Re  number,  related  to  length  of  tube. 

At  N>0.7too.75  drag  coefficient  of  tube  decreases  with  an  Increase  of  K;  an 
especially  intensive  lowering  of  C  is  observed  at  speedsM>0.d5. 

Let  us  remember  that  the  change  of  pressure  in  an  elementary  section  of  pipe 
dx  is  expressed  by  the  well-known  hydraulic  formula: 

The  difference  in  forces  of  pressure,  acting  on  separated  element  of  liquid, 

during  uniform  motion  in  pipe  is  equal  frictional  force  on  wall  of  pipe,  l.e. ^ 

^ C  g  dx. 

Hence,  there  can  be  obtained  a  formula,  associating  frictional  stress  on  wall 


and  C  i 


<5-28) 


*In  the  latter  case  it  is  necessary  to  verify  that  for  rough  pipes  the  influence 
of  compressibility  on  aiM<0.7  to  O.B  also  will  bo  small.  This  assumption  is 
required  as  an  experimental  verification * 
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In  MOOK^uioo  with  foraula  results  of  abovs-dlscusatd  experimental 

'■  .  ■;/  , 

investigation  oan  be  expressed  as:  Influence  of  oeapreaslbilityj  noticeably  mani¬ 
festing  itself  at  K>0.75|  results  in  a  certain  decrease  of  frictional  force^  related 
to  kinetic  energy  of  flow  in  a  given  section. 

Physically  this  result  is  explained  by  the  fact  that  with  an  increase  in  the  M 
number,  the  pressure  gradients  increase  in  tube  (Fig.  5-3).  An  increase  of  the 
pressure  gradients  in  a  nossle  flow  causes  deformation  of  profile  of  speed  along  the 
wall;  the  filling  in  of  the  profile  of  speed  increases.  Besides,  the  next-to-wall 
layer  at  sane  tine  is  made  thinner. 

Transonic  flow  is  especially  sensitive  to  a  change  of  section  which  is  seen 
from  equation  (5-3).  Therefore,  in  the  terminal  section  of  pipe,  irtiere  M>0.9«  there 
are  observed  very  large  negative  pressure  gradients  and  a  correspondingly  sharp 
lowering  of  C  . 

A  sharp  decrease  in  (  at  M>0.9  is  associated  also  with  the  fact  that  range 
of  speeds  K  *■  0.9  to  1.0  is  found  near  the  end  section  of  pipe,  where  next-to-wall 
layer  le  destroyed.  In  a  calculation  by  formula  (5’^8)  a  significant  deformation  of 
speed  profile  in  exit  section  of  pipe  is  not  taken  into  consideration. 

By  evaluating  the  Influence  of  compressibility  on  the  drag  coefficient  of  pipe 
at  supersonic  speeds,  it  is  necessary  to  distinguish  three  basic  modes  of  flow  in 
tube.  The  first  mode  corresponds  to  a  shockless  motion  of  flow,  the  speeds  of  which 
in  each  section  of  pipe  are  supersonic.  As  was  already  shown,  such  a  mode  is  possi¬ 
ble,  if  the  length  of  cylindrical  tube  is  less  than  limiting  value  If| 

however,  in  pipe  there  is  a  corresponding  source  of  disturbance,  then 
eonio  flow  oan  be  saturated  with  shook  waves.  Disturbance  of  flow  in  tube  oan  be 
Caused  by  an  angular  change  in  direction  of  wall,  which  will  be  formed  in  section  of 
Joint  of  Laval  nossle  with  tube.  In  simplest  case,  diverging  section  of  nossle  is 
made  conical  with  different  aperture  angles.  The  larger  is  the  aperture  angle  cf 
nossle,  the  larger  is  the  angular  displacement  of  flow  at  tube  entry  and  the  more 
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Intense  is  t]f  ]  shock,  formed  at  poitit  of  ctian^  in  direction  of  wall.  Such  modes  of 

flow  with  a  cojc;.'?',!  shook,  when  the  Hot?  up  to  exit  section  remains  supersonic, 

oonstitute  the  second  j^roup  of  modes.  i'’ina‘\l;sr,  if  »  then  inside  the  pipe 

max 

there  occurs  a  complicated  system  of  shocks,  after  which  the  flow  will  be  subsonic; 
this  is  the  third  group  of  modes  of  flow.  The  distx'lbution  of  parameters  of  flow 
along  length  of  tube  in  those  indicated  oases  proves  to  be  considerably  different. 

For  the  third  group  of  modes,  when  as  a  result  of  shocks  the  flow  becomes  sub¬ 
sonic,  the  character  of  distribution  of  pressure  on  basis  of  data  of  Neumann  and 
Lustwerk  la  shown  in  Fig.  5-11  (for  i,  ••  2*)2)*  According  to  extent  of  increase  in 
pressure  in  exit  section  of  tube,  system  of  iihocks  is  transfexTsd  to  the  noaale. 

The  Intensity  of  shocks  «.t  the  same  time  increases.  Let  us  note  that  extent  of  system 
of  shocks  proves  to  be  significant.  For  the  system  of  shocks  the  flow  is  subsonic, 
and  pressure  along  the  tube  drops. 

In  accordance  with  different  character  of  distribution  of  prsssures  along  a 
oyllndrloal  tube  at  supersonic  speeds  also  the  drag  coefficients  will  be  different. 

In  a  uniform  supersonic  flow  in  tube  (without  shocks)  the  drag  coefficient  has  a 
mlhimum  value. 

In  Fig.  5-X2  are  plotted  values  of  drag  coefficient  depending  on  M  on  basis  of 
data  of  Central  Scientific  Research  Institute  for  Boilers  and  Turbines  for  the 
Interval  of  numbers  M  *•  0.0  to  1.65.  Here,  there  are  reproduced  experlmentalpointsc 
for  eubsonlc  epeeds,  partially  presented  in  Fig.  5-H,  and  there  are  added  results 
of  later  Inveatigatlons  for  M>1.  Characteristic  for  range  of  small  suparsonla 
apeeds  should  be  assximsdly  the  marked  Inoreass  of  here,  the  drag  coefficient 
varies  from  0.007  to  0.018.  ^ 

I 

It  is  possible  to  assume  that  in  this  section  there  ooours  a  ''turbuUsatlon" 
of  the  next-to-wall  layer  in  tube,  l.e.)  transition  of  it  from  laminar  to  a  turbulent 
Buxla.*  In  the  preceding  range  M  0..95  to  1.03,  where  pressure  gradients  will 

<»Th0  analogous  character  of  change  of  C  is  noted  in  initial  section  of  tube, 
where  there  occurs  a  transition  of  the  laminar  mode  to  the  turbulent. 
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figt  5*11*  Dlitrlbutlon  of  itroBsuroB  alon^ 
lingtb  of  tub*  at  auparBonlo  apoada  at  antnri 
K  “  2.2  (air), 

attain  naxinuB  valuBa,  apparantlgr,  thara  ooeura  a  '•laminarlaatlon"  of  tha  naxt-to* 
wall  lajrari  alnoa  with  larga  nagatlvw  prtiaura  griNdlanta  Intanaltjr  of  turbul^ant 
pulaationa  dlolnlahaB. 

In  tha  aactor  H  -  1,25  to  1.6,  c  lowara  and  at  M  -  1,65  will  attain  a 
talua  (a  0,01,  Thla  lowarlng  la  axplalnad  by  tha  filling  In  of  profila  of  apaad 
In  tha  raglon  of  a  auparaonlo  flow  with  nagatlva  praaaura  gradlanta. 

At  H>1,3,  tha  Influanca  of  Raynolda  nuabar  on  C  la  amall. 
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Turblnaa  data. 

2 1C 


'/• 


•4  m 


5-6. 


Fundamantal 


Concepts  and  Equations* 

Coniemporarjr  Ideas  about  the  aechanism  of  resistance  of  bodlesj  flowed 
around  b/  a  gas,  and  methods  of  calculating  the  resistance  are  based  on  the  boundary 
layer  theofy,** 

i^s  eiqperlenee  shows  at  large  Re  nun^rs  influence  of  viscosity  Is  concentrated 


Fig*  5-13*  Ciagraa  of  formation  of  boundary  Layer  on 
surface  of  wing  profile. 

a— change  in  ihlokness  and  structure  of  layer  along 
Surface i  l-~laninar  section  of  layer;  2— •transitional 
region;  3— turbulent  seotlon  of  layer;  4~laminar 
sublayer;  5— transitional  layer;  6--diotrlbution  of 
speeds  in  different  sections  of  laysr. 


a  Sections  5-6  to  5-12  were  written  Jointly  with  A,  Ye.  Zaryankin* 

Theory  and  methods  of  calculating  boundary  layer  are  given  in  detail  in  the 
SMtiograph  1,  G.  Loytsyanskly  (See  list  of  references). 
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in  the  roglon  of  flow,  diroctiy  adjacent  to  aurface  of  body.  This  region  hae  a 
■mall  extent  in  eompariaon  with  length  in  direction  of  a  normal  to  aurface  of  body 
and  it  is  called  the  boundary  layer.  Outside  the  boundary  layer  the  flow  has  a 
negligibly  amal!  vorticity  and  on  this  basis  it  is  considered  potential.  In  the 
boundary  layer  the  speeds  vary  from  zero  on  surface  of  body  to  speed  of  potential 
flow  at  outer  limit.  Since  the  thickness  of  layer  is  smalli  then  gradients  of 
speeds  in  this  region  will  attain  large  values  and,  consequently,  flow  here  possess¬ 
es  great  vorticity. 

The  character  of  distribution  of  speeds  in  the  boundary  layer  on  flat  wall  is 
shown  in  Fig.  5‘'13>  Directly  on  the  wall  the  fluid  adheres  to  surface  (  ). 

In  a  thin  boundary  layer  with  increasing  distance  from  surface  of  body  the  speeds 
vary  greatly  and  at  a  small  dlstanos  from  surface  will  attain  the  speed  of  external 
flow. 

The  resistance  of  streamlined  bodies  depends  considerably  on  the  mode  of  flow 
in  the  boundary  layer.  The  motion  a  fluid  In  a. boundary  layer  may  be  laminar  or 
turbulent. 

Laws  of  change  in  speed  along  normals  to  surface  for  laminar  and  turbulent 
nodes  must  be  different. 

Since  speeds  in  the  boundary  layer  vary  from  zero  on  wall,  then  it  is  natural 
to  assume  that  certain  section  of  boundary  layer,  adjacent  to  wall,  always  is  in  a 
laminar  mode.  This  assumption  is  eonfirmsd  by  distribution  of  speeds  along  wr  1  in 
a  boundary  layer. 

Ws  now  consider  more  speclflealiy  the  condition  of  the  formation  of  a  boimdary 
layer  on  surface  of  a  wing  profile  (Fig.  5*>13)> 

In  direction  of  flow  along  surface,  the  thickness  of  boujndary  layer  g  increases. 
iKta  note  that  concept  of  an  outer  limit  and  thickness  of  boundary  layer  are  not 
determinate,  since  a  change  in  longitudinal  speeds  during  transition  from  boundary 
layer  to  the  external  flow  occurs  smoothly.  Approximately  the  outer  limit  of 
layer  Is  determined  at  those  points,  where  longitudinal  speed  differs  from  the 


speed  of  external  flow  by  a  small  magnitude  of  an  order  of  one  percent  (IjK) 


Outer  limit  of  boundary  layer  does  not  coincide  with  the  lines  of  flow,  since 
particles  of  external  flow  continuously  penetrate  into  the  boundary  layer  (Fig.  5~13). 

Fore  section  of  layer,  located  near  the  tip  of  profile,  usually  is  laminar. 

At  a  small  distance  from  tip  (section  II  in  Fig.  5-13 «  a  and  b)  is  found  a  laminar 
▼eloeity  profile.  In  a  certain  section  III,  there  begins  a  transition  from  a 
laminar  ordarly  motion  to  a  turbulent  motion  which  bears  an  oscillating  character. 

In  the  transitional  cone,  the  flow  in  boundary  layer  is  mixed:  significant 
part  of  layer,  nearaet  to  aurfaos,  la  in  a  laminar  mode. 

Beyond  the  transitional  region  there  is  developed  a  steady  turbulent  layer.  Hers 
region  of  the  laminar  sublayer  is  so  small  that  esqperlmentally  It  Is  difficult  to  de¬ 
tect  *  As  can  be  seen  from  Fig.  5-13b,  turbulent  layer  has  a  fuller  velocity  profile. 

The  diagram  of  the  formation  of  a  boundary  layer  in  Fig,  5-13  is  expressed  not 
on  an  Identical  scale  along  the  x  -  and  y  -  axes*  The  thickness  of  ths  layer  (  is 
very  small  in  comparison  with  dlaenslona  of  the  body  and  amounts  to  hundredths  and 
thousandths  of  ths  chord  of  profile. 

Calculation  of  a  laminar  boundary  layer  is  based  on  differential  equations  of 
energy  (5-3)  and  the  motion  of  a  viscous  fluid  (5-4).  By  using  cited  above  physical 
peculiarities  of  motion  in  layer,  equation  (5-4)  can  be  considerably  simplified. 

For  this  purpose  we  now  turn  in  the  equations  (5-4)  to  dimensionless  magnitudes* 
For  aimpllelty  let  us  consider  steady  motion  of  an  incompressible  fluid.  As  scales 
of  longitudinal  speeds  and  coordinates  we  select  a  certain  characteristic  speed 
and  characterlstle  linear  dimension  L^.  Scales  of  transverse  speeds  and  coordlnatss 
are  designated  respectively  by  v,  and  z  .  We  designate  scales  for  preasiu'e  and  den¬ 
sity  Pq  and  .  Then  after  transfonoationa,  azwilogous  to  transformations  in  Ssetloi 
5-2,  we  obtain  following  system  of  equations: 

**ej»  '  li»,  ^  dif  ju*  dx' 

»  dp  ,  ^  (>-29) 

ejr  '  1«,  Oy  dy  '  Ziu,  (l,v'  '  •«,  ’ 
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^  SoaIas  o.f  magnltudaa,  appearing  in  the  system  of  equations  (5-^9)»  can  be 

selected  on  the  basis  of  foUotdng  considerations.  If  the  scales  and  express 

the  eharaoteristlo  speed  and  linear  dimension  of  the  streamlined  body,  then,  the 

magnitudes  o,,  i,  and  p*  for  the  present  remain  indefinite,  ^y  using  this 

arbitrazy  rule,  equations  (5-29)  Are  readily  reduced  to  a  canonical  form. 

Indeed,  by  assuming  ^  ?«■  1  we  obtain  ^^*=1  ,  and  the  transverse 

K  Lf  ‘.L 

scales  Vq  and  o  will  be  selected  in  such  a  way  that  the  coefficients  and 
are  constant  and  independent  of  the  Re  number. 


Let  us  assume 


In  principle  these  complexes  can  be  equated  to  any  constant,  but  in  the  given 
case  expressions  for  transverse  scales  are  obtained  most  readily. 

In  solving  written  system  relative  to  v^  and  8  for  scales  of  transverse  speeds 
and  linear  dimensions,  we  obtain  the  following  values 

<5-30) 

Here,  equations  (5-29)  will  acquire  the  form: 


«®+4: 


d/»  ,  I  d'li  I 
"  C*”*  R«  3jt»  '  dy*  * 


Re  tf  Jf  '  ®  ]  Cy  ^R?  W  '  Re  CV' ’ 


(5-31) 


dtf  I  d(f  n 


If  we  admit  that  the  unknown  magnitudes  u,  v,  £  and  their  derivatives  with 
increase  in  Reynolds  number  tend  to  definite  limits  at  fixed  points,  then  at  large 
Re  in  the  equations  (5-31)  it  la  possible  to  discard  all  terms,  having  the  factors 
^  and  ^  ,  as  small  magnitudes  in  comparison  to  other  terns. 

As  a  result  of  converting  again  to  dimensional  magnitudes  we  obtain  differential 
equations  of  the  laminar  boundary  layer  in  L.  Prandtl's  form  ' 


(5-32) 


T.+0-O- 
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System  (5-32)  must  be  solved  under  the  following  boundary  conditions; 

y=0:  u=Oi  0=0; 
if-*-oo:  u~*u(x). 

The  latter  condition  means  that  speed  in  boundary  layer  transforms  asymptotic-' 
ally  to  the  speed  of  external  flow.  In  reality  this  transition,  as  has  already 
been  mentioned,  occurs  at  value  of  eommensurable  with  transverse  scale  i.  . 

The  obtained  condition  of  ^  means  that  distribution  of  pressures  at  outer 
limit  of  layer  and  on  surface  of  streamlined  body  coincides.  It  follows  from  this 
that  at  all  points  of  cross  section  of  layer,  the  pressures  are  identical,  i.e.^ 
pressure  of  external  flow  is  tranemitted  through  boundary  layer  to  surface  of  body 
without  change. 

The  condition  laade  it  possible  to  explain  the  very  Important  phenomenon 

of  separation  of  boundary  layer.  Let  us  consider  the  flow  around  a  certain  curvi¬ 
linear  surface  A6  (Fig.  5-14),  by  assuming  that  pressure  of  external  flow  along 
this  surface  at  first  decreases,  will  attain  a  minimum  value  at  the  point  N  and 
then  increases*  The  section  of  external  flow,  in  which  pressure  gradient  is  negative 
(|2<0^,  is  called  the  nosale  or  convergent  aeotor.  Region  of  flow  after  point  M, 
characterised  by  positive  preasure  gradients  >  ie  called  the  diffuser 

sector.  In  the  nozsle  sector,  the  external  flow  is  accelerated,  and  in  the  diffuser 
is  decelerated,  considering  that  in  boundary  layer  —  we  conclude  that  a 
completely  analogous  distribution  of  pressures  takes  place  also  along  the  surface 
AB  at  any  distance  y<S  in  the  boundary  layer. 


Fig.  5-U.  Diagram  of  formation  of  separation  of  boundary  layer. 
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WLthln  the  Umitn  of  the  boundary  layer  epeeds  before  point  M  InoreasOf  and 
after  it  decrease  (see  diagrams  of  speeds  in  Fig.  Partieles  of  the  fluid 

near  wall  possess  small  kinetic  energy,  in  which  in  diffuser  region  along  surface 
AB  reserve  of  kinetic  particle  energy  decreases.  As  a  result  in  a  certain  section 
S,  particles  along  wall  cannot  surmount  the  stagnation  influence  of  external  flow 
and  they  remain  behind.  The  diagram  of  speeds  acquires  characteristic  peaked  form. 
On  the  wall,  curve  of  speeds  satisfies  condition 

(5-32a) 

Further  beyond  point  S  under  Influence  of  a  differential  of  pressures,  directed 
against  flow,  a  return  motion  of  partiolsa  along  wall  begins.  In  encountering  the 
main  flow  the  returning  particles  are  pushed  from  wall  idiloh  also  results  in  a 
separation  of  the  bounda^  layer  and  in  sharp  increase  in  Its  thickness.  Beyond 
the  point  of  the  separation  S,  diagram  of  speeds  has  also  the  \'ery  characteristic 
loop-shaped  form,  in  tdiich  directly  along  the  wall 


The  discussion  shows  that  the  separation  of  the  boundary  layer  during  flow 
around  a  smooth  wall  can  occur  only  in  the  dlff»Aser  region. 

In  using  equations  (5-32),  it  is  readily  shown  that  the  position  of  point  of 
separation  of  a  laminar  boundary  layer  is  independent  of  the  Re  number.  Actually, 
the  solution  of  system  (5-32),  gives; 

(5-32b) 

where  x  and  jr  are  dlusnsionless  coordinates. 

Then,  by  having  differentiated  with  respect  to  £  and  by  using  at  the  point  of 
separating  the  condition  (5-32a),  we  obtain: 

f(Jt,.0)==0. 

Inasmuch  as  the  scale  along  x-axls  does  not  depend  on  the  Re  number  we  reach 
the  conclusion  that  the  coordinate  of  point  of  separation  of  a  laminar  layer  also 
is  independent  of  the  Reynolds  number. 
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5*-7»  Arbitrary  Thlckneases  and  tho  Integral 
Ralatlonahlp  for  a  Boundary  Layer 


Abora  It  was  indioatad  that  eoneapt  of  thieknaas  of  boundary  lajrar  does  not 
have  an  aoeurata  quantitative  definition.  Indeed^  the  spaed  in  boundary  layer  u 
with  an  increase  of  y  asyaptotloally  approaches  the  value  of  speed  of  external  flow 
u^.  The  nagnltude  A  depends  on  where  there  Is  salseted  tba  point,  arbitrarily 
Indioatlng  the  Halt  of  the  layer. 

Tharafora,  in  calculations  of  the  boundary  layer  there  are  introduced  other 
integral  thioknesses,  depending  on  3: :  thickness  of  displacement  5*,  momentun 
thlokness  8  ^  and  energy  thickness  g  ***» 

For  ascertaining  physical  meaning  of  Indicated  thicknesses  we  shall  compare 
flow  of  an  ideal  and  viscous  fluid  near  a  rigid  wall  (Pig.  S-IS). 

In  the  absence  of  friction  for  a  unit  of  tins  through  cross  section  of  flow 
with  a  height  and  width,  equal  to  \mity,  mass  ^  will  flow.  In  the 

boundary  layer  during  the  same  time  through  section  ^  mss  flow* 

The  difference  between  these  quantities  will  amount  to: 


Fig.  5-15 •  Diagram  for  determining  arbitrary 
thicknesses  of  boundary  layer  (a)  For  deriving 
equations  of  momentum  for  a  boundary  (b). 

KEIj  (a)  tine  of  flow}  (b)  Boundary  layer  lljidt. 
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;  .  Th«  ••eond  InUgr*!  on  right  sido  la  •mall  in  oonparlaon  with  the  first. 

Therefore  an  integration  made  onljr  within  the  limits  of  physical  thickness  of  layer 
8.  suffices. 


After  haring  divided  the  detemlned  excess  of  mass  by  ws  obtain: 

I 


(5-33) 


The  magnitude  t  indicates  displAoement  of  the  line  of  flow  in  direction  of 

external  norroal  to  contour  of  streamlined  body. 

At  the  same  time  ft*  characterises  decrease  in  the  flow  of  fluid  through  the 

section  of  Isyery  "normal"  to  wall«  caused  by  "displacement"  of  Uqui'*  by  boundary 

layer,  and  therefore,  is  called  the  thickness  of  displacement. 

The  momentum  thickness  is  equal  to  that  thickness  of  the  layer  of  fluid, 

moving  with  speed  u^  outside  of  boundary  layer,  whose  momentum  is  equal  to  the 

impulse  of  friction  forces  in  the  boundary  layer.  This  momentum,  "lost"  in  boundary 

layer,  will  be  equal  to:  *  \ 

r  fu  («,  -~u)dy  =  ^  -  -J  dy. 

Wi  divide  the  obtained  expression  by  p,::*  .  Then  we  obtain: 

The  B|aS8  of  fluid  pudp  loses  kinetic  energy  in  boundary  layer,  equal  to 
fit  (ill— II*)  dy  .  for  the  entire  layer  this  loss  will  amount  to: 


Then  the  energy  thickness 

5)"''  (5-35) 

is  the  thickness  of  fluid  moving  outside  of  layer  and  possessing  the  kinetic 
energy,  lost  in  the  boundary  layer. 

For  solution  of  problems  on  the  flow  of  compressible  fluid  in  a  number  of  eases, 
it  is  expedient  to  have  an  identical  structure  of  formulas,  determining  the  Integral 
thicknesses.  Therefore,  together  with  formula  (5*'33)  thickness  of  displacement  ft  * 
frequently  is  calculated  by  the  forsaUa 

(5-36) 


jiO-i)"'- 


m 


In  this  eonnsctlon,  naturally  the  previous  physical  meaning  of  thickness  of 
displacement  Is  destroyed.  For  an  incompressible  fluid  equations  ($-^33)  and  (5-36) 


are  found  to  be  identical. 

The  solution  of  the  problem  on  the  resistance  of  a  body  in  the  flow  of  a 
viscous  fluid  with  a  continuous  flow  around  reduces  to  the  establishment  of  di8> 
trlbutlon  of  forces  of  friction  along  streamlined  surfaces  of  body,  and  conuequently, 
to  a  calculation  of  the  boundary  layer. 

The  widely  used  method  of  approximation  in  calculations  is  based  on  evaluating 
the  change  in  momentum  in  boundary  layer.  Vfe  shall  make  such  an  evaluation. 

For  a  determination  of  the  thickness  of  displacement ,  it  follows  that  entire 
mass  of  fluid,  flowing  into  boundary  layer,  can  be  arbitrarily  replaced  by  a  mass, 
located  between  the  line  ab  and  wall  cd  (Fig.  5-15),  epeed  of  which  is  equal  to 
aero  ("displaced"  maas),  and  mass,  flowing  above  ab  with  a  speed  u*. 

From  the  tide  of  wall  frictional  forces  will  act  on  the  dlsplaosd  maas  and 
in  ths  direction  of  flow  forces  of  pressure  will  be  applied.  Speeds  abovs  the 
line  of  displacement  ab  are  equal  to  "  u^(3|;)  also  within  limits  of  oonsldsrsd 
Tolums,  on  the  basis  of  differential  equations  of  e  boundary  layer  (5-32)  ^===0  . 

In  applying  the  equation  of  momentum  there  can  be  found  the  magnitude  of  loss  of 
momentum  in  the  section  dx: 


(5-37) 


where  %^dx  and  are  the  impulses  of  frictional  and  pressure  forces  acting 

on  the  displaced  mass  of  the  fluid. 

The  moiRentum  I,  on  the  basis  of  equation  (5-34)  can  be  expressed  in  terms  of 
ths  loss  of  momentum: 


Inasmuch  as  at  ths  external  limit  of  boundary  layer  the  flow  la  considered 


SThe  derivation  of  the  Integral  relationship  presented  below  is  given  ly 
A.  P.  Melnikov.. 


p6t«itlftl»  longitudinal  preosuro  gradlont  ^  roadlljr  Is  expressed  on  the  basis 

of  the  Bernoulli  equation  by  the  speed  u  and  density  p,: 

o 

In  substituting  this  magnitude  In  (5~37)«  we  find: 


We  substitute  further 


w + p.«*  ^ 


(5-37a) 


ffV  AWIA  VltVA  .  ..  |  g 

dfl «»?!.. ^*= - V  I 

and  then  divide  (5~37a}  by  ,  As  a  result,  we  obtain  for  a  compressible 

fluid  the  following  equation  *  531!  _j-  —  M  J  =  -^V*  * 

“•  (5-38) 

Equation  (5~3d  Is  called  the  integral  relationship,  since  magnitudes  S** 

and  S*  are  expressed  by  the  Integrals  (5-33)  And  (5-34)* 

Integral  relationship  (5-3d)  for  a  boundary  layer  oan  be  obtained  by  not  resort¬ 
ing  to  concept  of  thickness  of  displacement.  For  this  purpose  the  equation  of 

/ 

momentum  is  applied  to  a  volpie  of  fluid,  enclosed  between  two  infinitely  close  cross 
saetions  of  boundary  layer  (Fig*  5-15b)#  By  substituting  in  (5-3d)  expressions  for 
the  arbitrary  thicknesses  1  g**  and  by  replacing  u^  by  i?,  after  transform¬ 


ations  we  find: 


Ua<iy=^—%t-h%, 


For  an  Incompressible  fluid,  we  obtain: 


“  «.3f|  -  T • 


(5-39) 


(5-39a) 


The  Integral  relationship  for  a  boundary  layer  is  useful  for  calculating  both 
laialnar  and  also  turbulent  boundary  layers,  since  in  its  derivation  no  assumptions 


were  made  with  respect  to  the  tangential  stress  v 


This  magnitude  is  deter¬ 


mined  differently  depending  on  mode  of  flow  of  fluid  in  boundary  layer  which  also  Is 
a  reflection  of  the  different  nature  of  friction  in  laminar  and  turbulent  notions. 

In  the  generation  of  separation  the  equation  of  momentum  can  servo  for 
determining  the  location  of  point  of  separation  at  which 


5-8.  A  Mor»  Gcnttral  Expression  for  the  Coefficlant  of 
Friction  Drag  in  a  Soundly  Layer  in  the  Presence  of  a 
Preaaure  Gradient. 

In  th«  equation  of  momentum,  there  remain  two  sought  variables;  thickness  of 
layer  I  (or  the  mutually  associated  arbitrary  thicknesses  6*  and  8**)  and  frictional 
stress  on  wall  t,. 

In  the  general  case  ■*,  is  determined  by  speed  at  external  limit  of  boundary 
layer,  its  derivatives  u^,  u",  u"»et  cetera  by  speed  at  external  limit  of  boundary 

example,  the  momentum  thickness  «*•.  density  p  ,  temperature  T,  and  coefficient 
of  kinematic  viscosity  v.  , 

Consequently, 


r;  p;  4**;  v). 


(5-AO) 


hy  using  basic  assumptions  of  the  theory  of  dimensionality  from  the  functional 
dependence  (5-AO)  it  is  simple  to  obtain  a  structural  formula  for  the  drag 
coefficient. 

Ws  adopt  as  the  basic  dlmansionalAtles  the  speeds  jjo,  the  densities.  P, 
lengths  8**  and  the  temperatures  T.  By  a  simple  verification  ws  are  readily  con¬ 
vinced  that,  by  combining  the  indicated  magnitudes,  there  can  be  obtained  a  dimen¬ 
sionality  of  all  remaining  parametere.  Actually,  t,  has  the  dimensionality  of 
kg/m^ .  The  same  dimensionality  will  apply  to  the  complex  fu*  t 
[kg  •  sec  /ra  •  ar/a«o^].  Consequently,  the  ratio  xjp.wj  ,  which  is  a  local 
coefficient  of  friction  c,,  is  found  to  be  dimensionless.  By  converting  in 
expression  (5-AO)  from  dimensional  magnitudes  to  dimensionless,  we  obtain 

(5^1) 

Here  Re**=!  the  Reynolds  number,  calculated  on  the  basis  of  the 

momentum  thlokness. 

The  number  of  dimensionless  parameters  in  expression  (5-41)  can  be  reduced,  if 

we  assume  that  the  frictional  stress  is  determined  Just  as  in  ease  of  laminar  flow 

by  only  the  first  derivative  of  the  speed  u*.  ' 

0 


2?7 


Thla  aaaunption  i«  oonflriMd  for  disturbed  flows  and  flows  with  snail 
positive  pressure  gradients.  Near  point  of  separation  the  role  of  leading  (hlgheet) 
derivative  Inoreases,  and  here  the  maintaining  of  only  the  first  derivative  already 
is  insuffioient. 

Further it  is  possible  to  show  that  in  relating  the  physical  constant  v  and  p 
to  temperature  conditions  on  wall  M  number  is  excluded  from  the  dependen':;e  (5-41). 
Thus,  by  talcing  into  account  the  adopted  assumptions 


where  Re  ■ 


Mo 


(5-42) 


—  is  the  kinematic  vlscoBlty«  calculated  on  the  basis 


of  temperature  of  wall. 


Vlb  expand  (5-42)  into  a  series  with  respect  to  the  parameter 

*='jj^=+f(RO+^'i(RO  + 


sj*** 


+  (5-43) 

Here  iC|  is  a  local  coefficient  of  friotlon»  calculated  on  basis  of  density  along 
wall  p,. 


Expression  (5-43)  is  general  both  for  a  laminar,  as  well  as  for  turbulent  modes 
of  flow  in  a  boundary  layer.  Depending  upon  the  node  of  flow,  the  coefficients 
(ft'  ti*  j*i  etc.  will  acquire  different  values. 

lie  find  a  concrete  form  of  expression  (5-43)  for  laminar  flow.  For  this  pur¬ 
pose,  we  write  (5-43)  in  such  a  form: 


At  u^.  0  formula  (5-44)  should  conform  with  corresponding  formula  for  drag 

coefficient  of  flat  plate  during  a  gradientless  flow  around  it. 


In  this  case,  problem  is  solved  fairly  accurately  by  means  of  numerical  in¬ 
tegration  of  the  system  (5-32)  and  Independently  of  method  of  solution  for  a  flow 
without  gradient,  the  drag  coefficient  la  expressed  by  the  formula 


# 


I 


2?8 


Khor«  Aq  Is  a  constant  value. 


Consaqusntly, 


V  R#**  ^  ••••]• 


At  ths  point  of  laparation  t,s=tO;  In  this  oaso  the  sxprossion  in  square 
brackets  should  vanish.  In  taking  Into  consideration  that  position  of  point  of 
separation  does  not  depend  on  Re^  number,  we  obtain:  ■*  const;  *{*,■■  const; 

u  const  etc.  Hence 

— H-*-]-  (5-45) 

The  ooefflclents  a^,  a^,  a^  etc.  in  the  general  case,  are  deteralned  experi- 
BisntalV.  However,  for  a  laminar  boundary  layer  they  can  be  determined  also 
theoretloally.  Thus,  for  example,  A.  M.  Basin  obtained  a^  •  0.22;  ■■  1.85} 


,*2“-  7-35. 


Ne  designate 


aji*** 


I 


and 

then 


(5“A^) 

(5-47) 

(5-48) 


The  parameter  f  frequently  Is  called  the  shape  parameter;  as  will  be  pointed 
out  below,  It  determines  the  shape  of  profile  of  speed  in  the  laminar  boundary 
layer.  One  ffh.>uld  note  that  structure  of  the  shape  parameter,  containing  the 
derivative  reflects  Influence  of  longitudinal  preasure  gradient  of  the  ix» 

ffJP 

ternal  flow. 

Pot  a  turbulent  layer,  numeroue  experimental  at  ••  0; 

(5-49) 

and  for  drag  ooeffieient,  there  la  obtainsd  from  (5-44)  ths  following  formula: 

«=:  lC*f •  •  •!•  (5"50) 

^  Hire 
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''fivu:*!"  p«rjiiiMkt«x')f  juft  Aa  th«  shapa  pt^anatar  /,  raflaeta 
tha  influanoa  of  longitudijniA3,  praaaura  cradiant  and  Raynolda.  numiber  on  tha  valoolty 
pt'ofila  In  a  turbulant  layer* 


By  knowing  tha  dapandanca  for  Cf  and  tha  law  of  change  of  nagnituda 
dapandlng  upon  longitudinal  praaaura  gradlant*  it  la  alaple  to  obtain  from  tha 
integral  ralailonahlp  (5-36)  a  differential  aquation  for  datarmlnlng  tha  thloknaaaaa 
of  a  boundary  layer. 

Wa  ahall  oonaidar  aaparataly  tha  aolution  of  aquation  (5-36)  for  laminar  and 
turbulent  layara. 


Calculation  of  1 
Praeanoa  of  a 


Sl!HiL.Boufidarj 
raaaura  Oradia 


The  ealoulatlon  of  a  boundary  layer  raduoaa  to  tha  aolution  of  tha  integral 
ralatlonahip  (5-36)  [or  (5-39) which  containa  thi'aa  unknown  magnitudaat  tha 
■omentum  thicknaia  the  drag  ooaffioiant  and 

Oonsaquantly,  for  the  aolution  of  problem  it  ia  naoeaaary  to  have  atiU  two 
additional  ralatlonahlpaf  aaaoolating  tha  indicated  magnltudaa.  6y  ualng  tha  more 
general  esqpraaaion  (5-46)  for  drag  ooaffioiant  and  by  oonaldaring  for  slmplioity 
tha  oaaa  of  an  lnoompraaeib.la  fluid »  we  obtain  an  aquation  with  two  unknowns  a** 
and  Hi  tha  aasooiatlon  between  which  la  alaple  to  obtain,  if  tha  profile  of  apaad 
in  boundary  layer  is  known. 

In  tha  ganaral  case,  tha  speed  in  cross  section  of  layer  depends  on  local 
pressure  gradient  and  distance  frc«  tha  wall  x*  Influence  of  pressure  gradient 
is  taken  Into  conaidaratlon  by  the  shape  parameter  /  .  Consequently,  tha  raUtiva 
velocity  at  point  of  layer  can  be  praaantad  in  such  a  fom: 

Than, 

^  *•  I 


magnitude  /f  « //  3^-)  • 


.ilu.ti  • ,  ,i  )niv.‘- 


After  Integr&tlnj;  obtained  expression  v ithln  the  Indicated  limits,  we  find: 

7), 


or 


(5-58) 


Furtheri  after  substituting  Into  the  equation  (5-3d}  the  relationships  (5-4d) 
and  (5-52)f  we  obtain  after  simple  transformations  a  first  order  differential 
eq^iatlon  relative  to  the  shape  parameter  f: 


Here 


& 


m!'  «' 

0^ 


(5-53) 


f-»{C(/)-2/l2+/f  (/)]}. 

The  specif lo  type  of  function  F(/)  depends  on  the  shape  of  speed  profile  in 
boundary  layer.  Calculations  show  that  FU)  differs  little  from  a  linear  function, 


l«e.> 


In  this  respect,  equation  (5-53)  transforms  to  a  linear  equation  relative  to 

I 

the  parameter 


integral  of  which  hae  the  form: 


If  at  X  "  0  u^  «  0,  then  frost  condition  of  finiteness  of  /  a  constant  of 
integration  o  ••  0,  shou}^  be  assumed. 

In  prentice  it  is  more  convenient  to  make  caloulatlons  by  using  dimensionless 
magnitudes . 

After  assuming  V:‘  «  gd-  and  x  ,  where  u  «o  is  the  speed  of  incident 
flow,  and  L  le  length  of  etresmlined  eurfaoe,  we  obtain i 

(5-54) 

The  constante  £  and  ^  can  be  assumed  equal  to  0.45  and  5.35  reepeoiively. 

For  the  momentum  thickness  we  obtain: 
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(  -55) 


bjr  forvul*  (f-US)  it  Is  slapls  to  dstsrmine  ths  local  drag  eosfficisnt 

1  1."  II. ‘I 

Cf  also  bjr  the  expression  S*  »  //(/)^**  ~tliat  is  the  displacement  thickness. 

Values  of  functions  C(/)  and  H(f)  are  showi  in  Fig.  5*‘l6. 


Fig.  5-16.  Dependence  of  magnitudes  c.  F  and  H  on 
the  paraneter  / , . 

The  considered  method  of  calculation  can  be  extended  also  to  the  case  of  flow 
of  conpressible  fluid,  if  we  convert  to  a  new  variable,  proposed  A.  A.  Dorodnitsyn 

I W I 1  “*  I  rfp. 

Then  for  a  oompressibla  fluid  we  obtaint  | 


(5-56) 


The  calculation  hy  formulas  (5-46),  (5-54),  (5-55)  and  (5-56)  are  found  to  be 

■  . . ■>  •  I 

relatively  simple  and  assure  an  entirely  satisfactory  accuracy. 

I  fpr  example,  we  now  calculate  the  laminar  boundaiy  layer  over  a  flat  plate. 
Here  «  conett  “  Oj  f  *•  0  and  a  »  1. 
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f  .V  •, 


Then,  from  (5-55),  (5-47)  *nd  (5-48)  we  obtain: 


L  ;«(/)-  0,22; 


0,9^ 


*1  -  /  i' 

%  •^Y-nr 


'  “  0,332  ^ 


(5-57) 


5>10#  Transition  of  Laminar  Boundary  Layer 
Into  a  Turbulent  One 


Under  certain  conditions  a  laminar  boundary  layer  loses  stability  and  trans¬ 
forms  Into  a  tiirbulent.  The  tentative  limit  of  loss  of  stability  of  a  laminar 
flow  can  be  established  by  the  orltloal  Reynolds  number  BQr  uslne  analogy 

between  phenomena  of  transition  from  a  laminar  to  a  turbulent  mode  In  d  cylindrical 
tube  and  in  a  boundary  layer,  it  is  possible,  as  has  already  been  indicated,  to 
introduce  the  oharacterlstlc  Reynolds  numbers  for  the  layer,  relative  to  the  thioR- 
nesses*  i*  and  a**; 


.Ail 


•t 


Experimental  data  Indicate  that  the  orltloal  values  of  Re,  number  of  the 
boundary  layer  have  the  same  order  as  that  for  tubes,  but  they  can  fluctuate  within 
wider  limits  (Rej  •■  2,000  to  5,000).  According  to  numerous  investlgatlone,  the 
orltloal  nuiibtr  daponds  baoioalljr  on  the  atato  of  aurfaco  of  atraamllnad  body, 
degree  of  turbulence  (perturbation)  of  external  flow  and  gradient  of  speed,  l.e.j 
parameter  f. 

Theoretloal  and  esqperimental  Investigations  of  ths  stability  of  laminar  boundary 
layer  have  indloated  that  "loss  of  stability"  oocura  either  aa  a  result  of  ouper- 
pesltlon  of  the  disturbances,  caused  by  protuberances  In  the  roughness  on  the  surface 
of  streamlined  body,  or  as  result  of  finite  disturbances,  introduced  Into  boundary 


'i*The  magnitude  Re**  was  introduced  earlier  in  deriving  equation  (5-41)  st  al. 
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]A7«r  th«  oxternal  flow.  The  first  gauss  is  found  to  significant  cnly  with  a  minor 
turbulsncs  of  ths  incident  flow  (ordsr  0.2^)  and  high  degree  of  roughness* 

In  using  general  assumptions  in  the  theory  of  dimensionality  and  experimental 
data,  it  is  simple  to  obtain  an  appropriate  relationship  in  explicit  form.  In 
omitting  its  derivation,  we  now  write  the  formula  for  determining  Re^^  ,  obtained 
by  A.  P.  Melnikov:  /  t 

cr  \  /,/  (5-58) 


where  is  the  initial  degree  of  turbulence; 
f  is  the  shape  parameter; 

f,  le  the  value  of  the  shape  parameter  at  point  of  separation;  for  a  laminar 
layer  it  is  possible  to  assume  /,  ■>  -'0.C65. 

Thus,  for  dstsrminlng  ths  point  of  loss  of  stability  a  laminar  boundary 
laysr  it  is  nsosssary  to  find  by  aquation  (5-55)  ths  change  in  the  mcmentum  thick-* 
ness  along  surface  of  body  under  consideration  and  to  construct  ths  curves  RS||^  •• 
>«?(jc)C«quation  (5-58)]  and  Re”*-=T,(x)*^‘!^‘. 

Intersection  point  of  indicated  curves  will,  be  the  sought  coordinate  of 

Results  of  the  experimental  Investigation  indicate  that  transition  of  laminar 
boundary  laysr  to  a  turbulent  occurs  in  a  certain  region,  whose  dimensions  depend 
on  the  local  pressure  gradient,  the  M  and  Re  numbers,  the  degree  of  turbulence  and 
certain  otHer  factors. 

The  determination  of  the  position  and  extent  of  transitional  sons,  and  also 
character  of  change  of  i**  in  this  sons  oomprisss  an  iaqsortant  part  of  ths  problem 
in  calculating  mixed  layer  and,  in  particular,  subsequent  turbulent  sector.* 

The  transitional  region  can  bo  determined  experimentally  by  means  of  msasure- 
ment  of  profiles  of  speed  in  different  sections  along  length  of  surface.  Character 
of  change  of  profile  of  speed  in  transitional  region  can  be  traced  in  Pig.  5-17, a* 

I  ''  • 

At  a  distance  x  35  mm  from  loading  edge  of  plats,  the  laysr  is  laminar;  all 
points  will  form  a  ourvs,  corresponding  to  equation  ^ 

*L»  J5yaina"*Moloihen*e  works  and  others  are  devoted  to  an  investigation 
of  the  transitional  region. 


I 


I 


I 


fi.g»  5-17.  a— change  of  profile  of  speed  In  boxmdary  layer  along 
flat  wall;;  b— change  of  momentum  thickness  along  a  flat  wall. 
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the  transition  In  the  sector  jx>50  nm,  profiles  of  speed  abruptly  are  deformed 
and  acquire  a  form*  typical  for  a  turbulent  boundary  layer. 

Profiles  of  the  speed  in  boundary  layer  make  it  possible  to  calculate  the 
momentum  thickness  And  on  basis  of  character  of  change  of  this  magni¬ 

tude  to  fix  the  extent  of  transitional  sone  (Fig,  5-17*  b). 

The  length  of  the  transitional  region  s  assumedly  is  determined  in  fractions 
of  the  total  length  of  streamlined  surface. 

Changes  of  t  in  this  region  are  characterised  by  the  magnitude 

where  Re,,,  S^^are  the  Re  number  and  the  momentum  thickness  at  the  end  and  jj  " 

is  the  Re  number  and  (*'  at  the  beginning  of  the  transitional  region.  In 

«  I** 

a  flow  without  gradient,  the  magnitude  r**  ■  •jn. 

•si 


In  the  general  case,  depends  on  profile  of  speed  at  the  beginning  of 
transitional  sons,  Re  and  M  numbers,  and  the  degree  of  turbulence.  With  an  increase 
of  Re  and  M  numbers  magnitude  r*#  sonswhat  increases  (Fig.  5-18)*  On  basis  of 
experiments  at  the  Moscow  Institute  of  Power  fingineerlng  a  change  in  within 
the  limits  0.5— 1*5^  does  not  result  in  noticeable  changes  of  the  magnitude  of  rae. 

A  further  increase  of  causes  a  sharp  decrease  in  r^. 

For  characteristics  of  the  speed  profile's  influence  in  Fig.  5-19  is  shown 
graph  where  /,  is  the  shape  parameter  at  the  beginning  of  the  transi¬ 

tional  sone.  As  is  evident  from  curve,  with  an  increase  of  shape  parmeter  r^ 
increases.  Analogously  depending  on  the  shape  parameter  /,  also  the  extent  of 
transitional  sone  s  (Fig.  5-19)  changes.  Such  a  behavior  of  the  curves  r**=<p,(/,) 


Fig.  5-18.  Dependence  of  magnitude  r^  on  M  number. 


I 


AB  roBUlt  of  a  transverae  diaplacement  of  the  particles^  the  thickness  of  boundary 
layer  increases^  and  profile  of  speed  becomes  fuller.  If,  as  a  result  of  Increase 
of  the  thickness  of  8  there  occurs  an  increase  of  B  then,  an  increase 

1 

in  fullness  of  profile  of  speed  causes  a  decrease  in  the  integral  thickness  of  5  . 

In  the  noBsIe  region,  of  basic  iraportance  la  the  increase  in  thickness  of  the 
boundary  layer  8,  since  here  profile  of  speed  Is  fairly  full  and  as  a  result  of 
the  transition  its  fullness  changes  insignificantly.*  Conversely,  In  diffuser 
region  as  a  result  of  transJ  tlon  of  laminar  flow  to  turbulent,  there  occurs  a 
significant  deformation  of  profile  of  speed,  in  which  the  greater  this  deformation 
proves  to  be,  the  larger  is  the  positive  pressure  gradient  in  the  place  where  the 
transition  occur a. 

At  a  certain  value  of  parameter  /  in  diffuser  region  both  factors,  affect* 
int  the  magnitude  8  **,  mutually  ars  compensated  and  magnitude  r***  is  found  to  be 
equal  to  unity.  The  extent  of  the  transitional  tone  at  aamo  time  also  proves  to  be 

I 

significant.  On  basis  of  experiment s  at  Moscow  Institute  of  Power  Engineering  (MEl), 
r**  •  1  at  ■  — 0,06  to  0.07.  I 


Fig,  Dependence  of  magnitude  r**  and 

B  on  the  shape  parameter  f,  , 


*  It  must  be  noted  that  in  the  nossle  region  with  large  pressure  gradiei.te  s 
transition  of  turbulent  layer  into  s  laminar  (page  215)  is  possible.  Such  i 
transition  la  very  probable  at  M^ssi. 
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for  an7  roason  tho  transition  boglns  atf<*~>0*07'(  thon,  apparently, 
tha  prooesa  of  turbulia&tlon  of  the  layer  and  reconstruction  of  profile  of  speed 
will  occur  against  the  flow,  while  profile  of  a  laminar  layer  will  not  be  found 
to  be  sufficiently  stable. 

Hence,  incidentally  it  follows  that  the  separation  of  boundary  layer  can  occur 
only  in  the  region  either  of  laminar,  or  turbulent  motion,  since  transition  of  a 
laminar  layer  to  turbulent  in  the  diffuser  region  occurs  at  a  value  of  parameter 
smaller  then  its  value  at  tha  point  of  separation. 

On  the  basis  of  prooeseing  experimental  data  for  oalculatlon,  the  transitional 
regions  are  obtained  by  following  empirical  formulas: 

’  (5-59) 


f“a(74. 100/,*''**‘»"4.0,12  M. 


(5-60) 


In  knowing  the  magnitudes  s  and  r**,  there  are  readily  found  the  coordinates 
of  the  sector,  from  which  one  should  make  a  calculation  of  the  turbulent  layer, 
and  the  value  of  its  momentum  thlokness.  * 


5-11*  Calculation  of  Turbulent  Boundary  Layer 


The  calculation  of  turbulent  boundary  layer  is  constructed  on  the  basis  of 
experlBMntal  data,  which  mokes  it  possible  to  express  approximately  the  friction 
stress  in  the  layer. 

In  many  oases  it  is  convenient  to  use  an  approximate  power  distribution  law 
of  speeds  In  the  laj'sr,  expressed  by  the  formula 

Fonaula  (5-61)  is  oonstruoted  on  the  basis  of  a  comparison  of  profiles  of 


speed  in  turbulent  layer  and  in  a  oyllndrioal  tube.  Aa  was  pointed  out,  the 
veloolty  profile  in  pipe  varies  with  a  change  of  Re  number  (Fig.  5-6).  Consequently, 


tha  exponant  n  In  formula  (5-*6l)  la  function  of  tha  Raynolda  numbar.  Thus,  the 

basis  of  axparinents  of  N.  Nlkuradze  an  exponent  of  n  power  varies  within  the 

limits  of  7  to  -  during  change  of  Re  from  4  *  10^  to  3  '  10^ •  However,  as  a  first 

approximation,  the  exponent  of  n  power  can  lie  assumed  as  constant  in  a  definite 

range  of  Reynolds  numbers.  In  the  calculations  frequently  it  is  assumed  n  - 

7 

and  the  profile  of  speed  is  given  by  the  formula  i 

(5-te) 

The  friction  stress  on  wall  during  tiurbulent  motion  can  be  represented  also 
bgr  a  slBuplif led  empirical  dependence  ,  m  v* 

(5-«) 

Ry  substituting  the  empirical  coefficients  (  «  0.00655*  and  m  *■  -0.166  into 
formula  (5-63)  and  by  considering  the  particular  case  of  a  flow  without  gradient 


from  equation  (5-38)  we  find:  r,  00655  Re""®  '®*. 


Ws  introduce  in  this  equation 


d 


dx 


Rc 

m 


Let  us  note  that 


d(^) 


rfRe” 

‘TR?:* 


(5-64) 

(5-65) 


Then  differential  equation  for  the  momentum  thickness  will  be  written  as: 

^*=0,00655  Re"-®'**.  (5^66) 

In  assuming  that  on  wall  there  will  be  formed  only  a  turbulent  layer,  ws 

integrate  equation  (5-66).  Then,  we  obtain: 

Re"= 0,0153  ReJ". 

Hence,  by  replacing  Re^  and  Re  ,  we  find  an  equation  for  the  momentum  thickness: 

*  I 


(5-67) 


or  after  expressing  m  a  function  of  Re„,  we  find: 

l"«s=0,0I53xRe^  (5-60) 

The  obtained  simple  solution  for  the  momentum  thickness  in  a  turbulent  layer 

I  «> 

does  not  take  into  consideration  the  Influence  of  compressibility  and  of  longitudinal 
pressure  gradient.  It  is  valid  at  M<0,5  and  ^=0. 

As  has  already  been  mentioned,  the  equation  of  momentum  (5-38)  assocli  tes 
three  unknown  magnitudes:  j  e,  S  we  and  v>  Additional  associations,  neo<  ssary 
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for  •ointl<»i  of  problom,  aro  osUbllshod  oxporljnantally. 

In  Fig.  5-20j  empirical  dependence  ■>  H(M)  for  a  flat  plate  with  zero 

pressure  gradient  is  given.  The  magnitude//,  depends  greatly  on  K  number;  this 


dependence  can  be  approximately  represented  by  foUovdng  formula: 

//,=//„  (I +flM*)=//^(l  4-0,3  M*). 


(5-69) 


idisre  for  an  imcom^ssible  fluid  with  a  zero  pressure  gradient  it  is  possible 
to  assume  //^  «  1.3  to  1.4«  in  which  a  smaller  value  of  //,,  corresponds  to  large 
Re  numbers.  With  an  increase  in  the  K  number  the  relative  momentum  thickness 
decreases  somewhat  (Fig.  5-26). 

The  influence  of  pressure  gradient  on  the  parameter  H  can  be  seen  in  Fig.  5-21, 
where  the  dependence  IT  ■■  H/H^  on  the  Buri  parameter  F  is  given. 

It  follows  frcsi  this  that  in  sons  of  moderate  values  of  parameter  r 
(— 0.015  *<F<  0.02)7  varies  by  1%,  Therefore,  in  constructing  the  solution  in  the 
mentioned  range  only  the  variation  of  H^«41(M)  will  be  considered.  ^ 

For  a  drag  coefficient  in  a  turbulent  layer  for  the  general  case,  formula 
(5-50)  was  obtained*  If  we  relate  to  the  density  at  outer  limit^of  boundary 
layer  p,.  then,  formula  (5-50)  can  be  presented  in  the  form: 

^R.:-(t+«r)= 

-(t+«r)R«r"(>+*-T^M5/'’  (5-70) 


Fig.  5-20.  Influence  of  M  number  on  the  parameter 


-IS  -s,6  Hs  -1,0  -OS  0  0,5  UO  1,5  2,0  15  5,0 

Fig.  5-21*  Variation  of  magnitude  H  depending  on  the  Buri  parameter  r, 
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Wb  set  up  (5-^9)  end  (5-70)  into  a  Integral  relationship  (5-38).  After 
simple,  but  laborious  transformations  there  can  be  obtained  a  differential  equation 


(ki  a,k  M  0,0  KO  hi 

•) 


0  Hi  no  0.8  ,0.0  ho  h» 


rig.  5-22.  a— dependence  of  functions  V|.  v.  and  on 
t,  I  b— dependence  of  functions  i,.  i,  and  /.  on  t, . 


Kquatlon  (5-71)  pertains  to  type  of  linear  and  can  be  reduced  to  quadratures 


and  solved  relative  to  the  paraneter  r.  It  serves  for  deterttinlng  the  pai'ameter 
r,  by  eliminating  the  region,  near  the  point  of  separation. 

With  the  equality  to  lero  of  constant  a  and  tending  of  A  towards  sero,  the 
solution  transforms  to  formula  (5-67). 

By  introducing  a  number  of  slmpUfioltlons,  we  obtain  during  small  preesure 


gr4tdl«hts  (r>-O.Oe)  for  the  monintuffl  thleknesa  of  the  expreeslon 

4.0,0026  5  ij»*(6  -a;  )»••'  dxf* . 


(5-72) 


Here  T*  and  are  values  of  the  nomentum  thickness  and  dimsnsionless 

a  L 

spsed  at  the  beginning  of  turbulent  sector}  Re^  Reynolds  number, 

detemined  by  the  critical  speed  a  and  the  kinematic  viscosity  on  the  vail. 

In  introducing  the  designations: 

/,=0,0026i;”(6-.J* )*•"'; 


(5-73) 


ve  transform  (5-72)  to  the  form:  . 


(5-7*) 


The  functions  f^,  f^,  and  f^  on  1,  are  presented  in  Fig.  5-22, a. 

The  calculation  by  formula  (5-74)  with  use  of  calculating  graphs  is  found  to 


be  relatively  simple  and  is  in  good  agreement  with  experimental  data, 
With  large  pressure  gradients  for  momentum  thickness  ve  obtain; 

I 

Here, 


(5-75) 


(5-76) 


T,  -=0.0078  Aj*'(6  -  Aj 

The  corresponding  values  9,  9,  and  9,  aim  shovn  in  Fig.  5-22, b. 

In  conclusion  ve  shall  dwell  on  essential  difference  between  properties  of 
lasdnar  and  turbulent  layers.  For  the  purpose,  in  the  Table  5-1  are  presented 
the  basic  calculating  formulas  for  simplest  case  of  flow  around  a  flat  vail  (flow 
with  gradient)  by  an  inoonqiresslble  fluid. 
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Tablo  5-1 


« lOeMMMUR  Mp«K* 
aorpa* 

naaorp  cm* 

Prxiw  rvpiHaiiHom  e.w* 

C)  JtttmNipMUrt  1 

J)  T.rpep'MBTNMA 

SiRCMi  picnpcAe* 
JMHHII  CKOpOCTefl 

BO  esicHiuo  cnoH 

HgBQS 

nggeii 

i 

1 

f) 

TOUltHU  CIIOB 

Jt 

wilisaxRej,  ^ 

1 

«i0.2IIJtRe7^ 

^AQIIIU  BWTeC- 

eCHHI 

^1 

^•«0,02lRe7^a*0,0!^M 

h) 

TodBiiMM  noTe- 
pe  ewnyjikca 

«'*«0,6WxRe7*' ^  ' 

iimO.II7N 

I”  JsO,OI5*  Re7^e« 
m  0.0711 

^^llanpnceHHe 

Tpewie 

t,-0.332»«J  R<7*' 

i,-O.OI32fiijRo7^ 

'^ItecTHUl  ROKth 
4iiUMHr  TpeHiia 

Cl  m»  0,(5dl  Re^  *" 

1 

0.0803  Rc7^ 

^KeiM>«UH«Nr 

iVconpuTMikWHiia 

TpeiWH 

C;-*  1,328  Rc7*^ 

q«0.0.JO7Re7’’’ 

KETFi  a)  Bulo  Qhtraotarlatica  of  boundary  layar ;  b) 

IMt  (Rfgioa)  of  boundary  layar;  o)  Laminar^  Turbulant; 
a)  Distribution  law  of  SMsds  along  a  asotion  of  layar j 
f)  Thioknass  of  lay«ri  g)  Thioknasa  of  diaplaoanant ;  h) 

Monantum  thioknaaa;  i)  friction  atrsas;  J)  Local  coaffi- 
ciant  of  friotionj  k)  Drag  coafficiant  of  friction. 

K  comparison  shows:  1)  apasd  profila  In  turbulant  layar  is  mora  f Iliad  in  than 
in  ths  laminar;  2)  thioknass  of  turbulant  layar  inoraasas  along  wall  significantly 
mora  rapidly  than  that  of  laninarf  sinoa  in  tha  first  oasa  S  inorsaass  proportion- 
ataly  to  and  in  tha  saoond— proportionally  to  3)  a  comparison  ojf  local 

drag  ooafficiants  of  friction  shows  that  with  identical  Rs  values  rasistaiioa  of 
irjoiion  iyi  turbulent  boundary  layer  la  slimifioantlv  higher  than  in  ths  limlnar. 

This  vary  Important  oonclusion  is  wall  corroborated  by  experimental  di.ta. 

In  rig,  5-23  are  given  experimental  and  calculation  ralationnhlps  of  ths 


coofflcionts  Cj»,  obtainad  for  a  turbulent  mode  by  meane  of  different  aomi~ 
empirical  formulae.  The  curves  show  a  fairly  high  accuracy  of  the  formula,  given 
in  Table  5-1. 

A  oomparison  of  o^  for  laminar  and  turbulent  layers  shows  that  with  an  identical 
value  RSjj  ••  4  •  10^»  coefficient  doubly  exceeds  Cj^  ^^fturb''* 

0,0022),  With  an  increase  in  Re^  the  difference  Ofiam  ■harply  inereases. 

It  follows  from  this  that  in  the  continuous  flow  around  a  body,  it  is  neosssary 
to  strive  to  tightening  of  laminar  seotlon  of  layer,  i,e,|to  displacement  of 
region  of  traneitlon  In  direction  of  the  flow. 

The  deteoied  difference  In  reslstanoea  to  friction  during  Ismlnsr  end  turbulent 
■odta  is  explained  by  different  mcchsniam  of  friction  in  any  one  case.  If  in  a 
laminar  mode,  the  resistance  is  caused  by  akin  friction  between  layers  of  liquid 
(mjjclng  of  maoropartlalss<-Haolsoulss),  thou  in  s  turbulent  mods  thoro  tako  place 
intense  transverse  dislocations  of  mioropartlolsa .  It  la  obvious  that  mixing  of 
these  partlclae  is  associated  with  the  loss  of  largo  amount  of  moBMntum,  i,s.^with 
manifestation  of  substantial  forces  of  friction  In  the  flow. 

Numorous  experiments  in  sooordtnos  wi,th  oonolusions  of  the  ssmlempirioal 
theory  indicsts  still  one  essential  difference  in  properties  of  laminar  and 
turbulent  botjindary  layers .  The  point  of  soparstion  of  laminar  layer  st  large  Re 
numbers  occupier  a  fixed  position  on  a  streamlined  surface.  Ths  point  of  separation 
cf  turbulent  layer  with  on  identical  distribution  of  parameters  of  external  flow 
is  sltuatsd  beyond  th'i  point  of  separation  in  a  iimlnar  layer.  In  other  words, 
turbulent  layer  Is  detached  later  than  ths  laminar.  This  bocomes  understood  from 
a  oonolderatlon  of  profiles  of  speed  during  any  one  mods  of  ths  layer >  ths  kinstlo 
energy  of  ths  partlolsM  moving  near  wall  during  turblulent  mode  is  slgnifl<antly 
gii'eator  than  during  a  laminar  mode. 

In  those  os.7«s,  whan  on  streamlined  siU'faoe  there  exists  a  mixed  boundary 
layer,  It  is  necessary  to  sumtiarlss  ths  reslstanoe  Jn  laminar  and  turbulent  tectors. 


,  1  ••-I' V-'iV’ A 'V . i'  >  ' 

(j(iiouif*d  protitdturt  of  oaXouXktloA  do«s  not  eonsidor  th«  Influonoo 
of  !<'  w4«ial  tui  bfxlonoo  of  flow  .  Vw  anall  dogroos  of  turbulonoo,  tho  equation  of 
aoMantutt  of  boundary  layar  for  Inoomprasalbla  fluid  waa  obtained  bjr  V.  A« 

Trubllvakaya  in  auoh  a  fora: 

jaa0 

(I  +  Adj)  "jU-  +  '^(4  +  //)- -JiJl  +^0-  (S-??) 

Here  la  the  averaged  value  of  apead  of  e'cternal  flow;  a"  i*  the 

aaoMintum  thiokneaa  of  loaa  calculated  on  the  baala  of  averaged  apeeda* 

The  graphical  aolution  of  equation  (!i»77)  for  a  flow  without  gradient  la 
•hown  In  logarithmic  ooordlnatea  In  Fig.  5-24.  Here  there  are  plotted  the 
experljnantal  polntif  relating  to  the  experiment  on  flab  wall  conducted  at  Moscow 
Institute  of  Fewer  Engineering  (MSI).  Graphs  in  Fig.  clearly,  show  the  influence 
on  leases  in  bo\mdary  layer;  thus  at  Re^  »  2  •  10^  the  increase  in  from  0  to 
5ft  inoreaaes  the  Re^  number  and  consequently,  the  magnitude  of  frictional  losaos 

I  ' 

in  the  layer  by  7Cftt 


i  3  i  sti 

Pig.  5*^4.  Influence  of  degree  of  tuxbulenco  on 
the  mooMntum  thickness  in  the  turbulent  boundary 

layer. 

■  S 

5-12 ,  Boundrry  Layer  Purina  Hiaht  Spoede. 

Experimental  Data 

...  'I  (I 

tte  shall  analyse  certain  results  of  an  experimental  Investigation  of  a  turbulent 
boundary  layer  during  high  eubsonlo  speeds  in  a  flow  without  gradient  and  sub- 
crltloal  apaede  (M<M). 
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In  Fig*  5’-2S  are  given  six  profiles  of  speeds,  obtained  with  a  constant  Re 
number  equal  to  2.$  *  10^,  and  a  variable  M  number.  All  the  experimental  points 

in  the  Interval  M  **  0.31  to  0.98  vdll  form  one  curve,  which  can  be  presented  by  a 
dependence  of  the  form: 

Consequently,  with  a  sero  pressure  gradient  with  a  variation  in  M  number  the 
profiles  of  speed  in  coordinates  x  7ery  similarly.  In  addition,  in  the  indicated 
ranges  of  changes  in  H  number  the  thickness  of  the  boundary  layer  at  constant  Re 

'  .  ...  -t  .  .  ' 

number  changes  insignificantly]  therefore,  it  is  possible  to  speak  not  only  about 
the  similarity,  but  also  about  Identity  of  profiles  of  speed.  Hence,  it  may  be 
conelixded,  that  the  influence  of  oompressibiUty  at  M<1  directly  on  profile  of 
speed  in  boundary  layer  la  ref leoted  Insignificantly.  Thus,  as  a  first  approxima¬ 
tion  profile  of  speed  atM>0it  can  be  presented  by  the  ordinary  power  formula 
(5-62).  I 

Formula  (5-62),  of  course,  is  not  the  only  one*  Any  dependence,  satisfactorily 
appiroximating  the  profile  of  speed  in  boundary  layer  of  an  incompressible  fluid, 
can  be  extended  to  the  flow  of  a/  compressible  fluid.  Limits  of  such  extrapolation 
are  not  confined,  apparently,  by  sonic  speed  and  can  be  extended  to  supersonic 

speeds. 

A  subsequent  processing  of  profiles  of  speed  gives  possibility  of  calculating 
the  value  of  integral  thicknesses  a  and  to  construct  curves  of  their  change 

depending  upon  M  number  (Fig.  5-26),  The  dlspereion  of  experimental  pointa  in  the 
range  of  transonic  speeds  is  explained  by  generation  of  a  nossle  flow.  Curves 
for  transonic  spasds  were  drawn  through  points,  obtained  with  a  minimum  pressure 
gradient]  therefore,  in  the  range  of  aonlo  and  supersonic  speeds,  main  mass  of 
points  is  located  under  the  cuinres.  The  scattering  points,  detected  in  the  area  of 
subsonic  speeds,  is  explained  by  the  fact  that  here  there  have  been  plotted  points, 
relating  to  different  Re  numbers. 

If  ■  n  I 


'W; 


(5-78) 
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Th«  obtaimd  picture  le  In  full 
Agreement  with  theoretical  reaulta.  An 
increase  In  M  number  results  in  a  drop  in 
the  momentum  thickness  and  to  an  increase 
in  thickness  of  displacement  $  Such 
behavior  to  the  curves  with  identical 
profiles  of  speed  is  caused'  by  change  in 
density  across  boundary  layer,  in  which 
an  opposite  influence  of  this  change  on 
the  thicknesses  5*  and  is  explained 
by  the  fact  that  subintegral  functions  by 
vddoh  thloknssses  6\  S**,  are  expressed, 
react  differently  on  a  change  of  density. 

For  approximate  quantitative  evalu¬ 
ation  of  the  influence  of  coapreBslbility 
on  the  momentum,  thickness  $'*  in  Fig. 

Fig.  5''25.  Influence  of  M  number  5*^6,  the  change  of  relative  thickness 
on  profile  of  speed  in  turbulent 

boundary  layer.  8^  depending  upon  M  with  zero 

pressure  gradient  is  given.  In  approaching  a  sonic  speed,  the  decrease  in  momentum 
thickness  amounts  to  about  13%  • 

The  Independence  of  profile  of  speed  on  M  number  gives  the  basis  for  consider¬ 
ing  Re  number  as  basic  paramster,  determining  profile  of  speed  in  absence  of  pressure 
gradient,  and  to  extend  the  results  of  numberous  experiments  in  determining  its 
influonoe  In  an  inoompresslbls  fluid  to  the  flow  of  a  compressible  fluid. 

In  Fig.  5-27  there  are  given  six  profiles  of  speeds,  obtained  with  variation 
of  Re  number  and  a  constant  M  number.  An  Increase  in  Re  number  fi>om  0.6l  *  10^  to 
1.08  •  10^  results  in  a  characteristic  change  of  profile  of  speed.  A  subsequent 
increase  in  Re  number  does  not  cause  a  marked  change  in  profile  of  speed.  In  other 
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Figt  5~26.  Inriuonce  of  M  ntunb«r  on  the  momentum  thickness. 

6 

words,  starting  from  magnitude  Rsa^IO  ,  profiles  of  speed  can  be  expressed  by  a 
general  relationship. 
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Investigation  of  influence  of  Re 
number  on  Integral  thicknesses  8*  and 
shovied  that  with  an  Increase  in  Re,  as  well 
as  in  case  of  an  Incompressible  fluid, 
these  magnitudes  decrease.  In  the  range 
of  small  Re  values  the  change  in  j**  is 
found  to  be  fairly  nuu'ked.  With  an  increase 
in  Re  number  a  decrease  of  thickness  i'* 
occurs  less  intensively.  Analogously  also 
the  displacement  thicknesses  vary. 

Thus,  the  influence  of  Re  number  at 


„  I  r  *  ^  I _ J _  I  high  speeds  ou  turbulent  boundary  layer 

OS  0,6  0,7  0.8  0.8  /.O 

Fig.  5-27.  Influence  of  Re  number  from  the  qualitative  side  proves  to  be  of 
on  profile  of  speed  in  tiarbulent 

boundary, layer.  the  same  order  as  in  the  flows  of  ar  incom¬ 

pressible  fluid. 

For  investigation  of  question  on  influence  of  M  number  in  the  presence  of  a 
preaHiire  gradient  profiles  of  spaed  in  diffuser  region  (Fig.  5-28, a)  and  jn  the 
no»«3o  flow  (Fig.  5~28b)  were  plotted.  As  can  bo  seen  from  given  curves,  all 
experl;fiantai  points  independently  of  M  number  will  form  practically  one  curve .  This 
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f*ct  onc«  Again  confirms  the  •srlier  mads  conclusion  about  the  fact  that  at  sub- 
sonic  speeds,  change  in  M  number  does  not  result  in  marked  changes  of  profiles  of 
speed*  Consequently,  main  factor,  detemining  flow  in  boundary  layer  of  compressible 
fluid,  is  the  longitudinal  pressure  gradient. 

Results  of  investigation  show  that  the  influence  of  compressibility  on  the 
structure  of  turbulent  boundary  l;iy«f  i®  indirect.  With  a  change  of  M  number  the 
distribution  of  pressures  along  streamlined  surface  varies.  With  an  increase  of  M 
number  the  absolute  values  of  prassure  gradient  increases.  In  accordance  with  this 

>•0  mm— I — r  -t — t — i — r  — i — i — i — i — r~'T . i  \ 
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i»  I  "I  I  I  I  I  I  - - - 

a*  oT  0,6  0,7  0,0  0,3  ko  . 

m}  0  _ 

.  ,  ^  3^  0,*  0,5  0,6  M7  0,8  0,3  »,0 

Fig.  5’*28.  Influence  of  M  number  on  profile  of  s^ed 
in  a  turbulent  boundary  layer. 

a*~proflle  of  spaed  in  diffuser  region.  Re  *  1,5  •  10.^; 
b~profile  of  speed  in  nostle  region.  Re  «  2  •  10. 
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aaln  characteristics  of  layer  vary.  In  a  nozzle  flow  S*‘  decreases,  but  in 
diffuser — increases , 

The  change  in  longitudinal  pressure  gradient  from  a  positive  to  a  negative 
value  results  in  a  substantial  deformation  of  profiles  of  speed.  This  is  vety 
evident  in  Fig.  $-29 t  where  there  are  Illustrated  speed  profiles,  obtained  in  diffuser 
channel  with  different  pressure  gradients. 

In  Fig.  5-30  the  curve  of  the  change  of  the  momentum  thickness,  as  a  function 
of  parameter  r.  obtained  from  an  experiment  is  given.  In  order  to  exclude  in¬ 
fluence  of  compressibility,  the  thickness  was  related  to  a  corresponding  thick¬ 
ness  for  a  flow  without  gradient  with  the  same  speed  of  external  flow.  All 


Fig.  5-29.  Profiles  of  speed  in 
diffuser  with  different  pressure 

?  radiants . 

1  mm;  8#  »  1.095  mm;  M  =  0.960:  H  •=  2.4;  H  “1.65; 
2.-  8*»  «  0.552  mm;8  *  -  0.765  mm;  M  «  0.548;  H  *=  1.57;°H  “1.4 
3«-  8**  »  0.384  mm;  5*  «  0.52  mm;  M  “  0.54;  H  »  1.52;  °  1.4 
4— 8  a*  »  0.37  mm;  8*  “  0.638  mm;  M  “  0.985;  H  »  2.2;  h”  “  1.7 
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points  sre  groupsd  around  ons  surve. 

From  the  curve  it  follows  that  in  the  given  case  s  **  is  a  funotion  of  the 
one  parameter  l\  Consequently,  when  distribution  cf  speod  at  outer  limit  of  bovmd<* 
ary  layer  is  nearly  linear,  celoulation  on  basis  of  one-parameter  method  is  physically 
well-based.  The  lack  exporlmental  data,  reforing  to  otlier  values  of  second  deriva¬ 
tive,  makes  it  impossible  to  make  more  general  conclusions. 

Experimental  data,  characterising  the  Influenoa  of  initial  turbulence  o)ri  the 
structure  of  boundary  layer  are  shown  in  Fig.  5 '31.  V/itU  an  increase  in  Rq  fullness 
of  profile  of  speed  increases.  Hov.ever,  filling  in  of  the  profile  dopende  consider¬ 
ably  on  sign  and  magnitude  of  gradient  of  speed  of  external  flow.  The  maximum 
influence  Is  shown  to  be  In  diffuser  flow  which  the  graphe  of  change  X**  along 
flat  wall  with  different  pressure  gradients  (Fig.  5-32)  corroborate.  Least 
sensitive  to  a  change  in  is  the  noaals  flow 


w  ioo 


Fig.  S*’30.  Dependence  of  relative  momentum  thickness 
on  the  parameter  r. 

With  an  increase  of  Reynolds  number,  the  influence  of  uooreases  (Fig. 
5-32).  An  analogous  result  is  obtained  alao  with  different  M  numbers j  with  an 
increase  in  M  the  divergence  of  curves  decreases,  especially  at  M,  close  to  unity. 

Ms  note  that  in  connection  with  increasing  filllng-ln  of  profile  of  speed  in 
the  layer,  the  parameter  H  *■  p-  markedly  lowers  with  an  Inerease  in  the  degree  of 
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Fig*  5'*‘31<  lnflu«nc«  of  Initial  turbulenca 
a*^on  profilaa  of  speed  In  a  turbulent  bound¬ 
ary  la^r;  b— on  the  momentum  thickness  idth 
different  pressxu'e  gradients. 

tturbulencej  depending  upon  sign  of  longitudinal  pressure  gradient,  this  lowering 
amounts  to  l$-20^. 

Ifixpeolally  great  Is  the  influence  of  initial  turbulence  with  a  detached  flow 
around  a  surface.  In  this  ease  the  Increase  In  results  In  a  sharp  displacement 
of  point  of  separation  along  flow  and  to  an  improvement  of  flow  around  a  surface. 

The  given  data  indicates  that  in  calculation  of  the  turbulent  boundary  layer. 
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turbul«no«  on  th«  BOMntun  thiok- 
no8«  with  a  gradlant  flow. 

it  it  n«o«siar7  to  ooniider  the  Influenoe  of  initial  turbulenoe.  The  narked 
dltergenoee  between  experimental  and  calculated  [by  formula  (5-70)]  ralues  of  i** 
are  narked  at 

Let  us  analyse  certain  properties  of  boundary  layer  at  tranaonio  epeeds.e 
Xf  speed  of  oncoming  flow,  M  ^  ,  is  greater  than  the  critical  yalue 
then  along  surface  of  streamlined  body  there  will  be  formed  range  of  supersonic 

speeds. 

The  range  of  supersonic  speeds  has  a  limited  extent  in  direction,  normal  to 
the  streamlined  surface.  In  the  direction  of  flow  (along  streamlined  surface)  the 
region  of  supersonic  speeds  also  is  limited.  This  conclusion  is  readily  reached  by 
remembering  that  at  a  certain  distance  after  the  body  speed  should  be  subsonic, 
since  speed  of  an  undisturbed  flow  (before  body)  is  subsonic. 

Thus,  the  sones  of  supersonic  speeds,  occurlng  at  have  a  local  char¬ 

acter.  In  the  local  supersonic  range,  the  flow  of  gas  at  first  la  accelerated,  but 
later  Is  stagnated.  However,  stagnation  of  supersonic  flow,  as  a  rule,  occurs  with 
the  formation  of  a  shook.  Owing  to  the  large  accelerations  in  sons  of  supersonlo 


SThe  considered  questions  here  of  flow  around  bodies  at  transonic  speeds  is 
partially  discussed  in  Chapter  3. 
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Fig.  5-33 •  Sohanatle  diagram  the  formation 
of  shock  wave  in  a  local  supersonic  sons* 

speeds  the  gas  is  found  to  be  greatly  overexpanded,  that  is,  its  pressure  falls 

significantly  below  pressure  of  external  medium.  This  overexpansion  of  supersonic 

flow  is  extinguished  by  a  shook  wave. 

As  already  indicated  above,  speeds  at  a  distance  from  body  vary  in  magnitude 
and  direction  (disturbance  of  flow  in  direction  from  body  decreases).  Owing  to 
this,  the  forming  shock  waves  will  be  curved  with  varying  intensity  along  line  of 
shook:  behind  the  shock  the  flow  beoo&ss  vortical.  The  forming  shook  waves  enclose 
the  region  of  supersonic  speeds.  Its  fore  limit  is  line  of  the  transition  (line 
f^"l).  For  an  ideal  fluid,  surface  of  streamlined  body  (Fig.  5-33)  serves  as  the 
enclosing  surface. 


Fig.  5-34.  Diagram  of  Interaotlon  between 
a  normal  shook  and  the  boundary  layer. 
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In  th«  r«al  onse  of  *  tIboous  gas,  thB  location  and  oxtant  of  local  auper- 
sonlc  Bone«  and  also  atructure  of  the  shook  change.  The  mechanism  of  interaction 
of  ahooka  with  boundary  layer  conatitutes  an  important  part  of  problem  of  resistance 
of  bodies  at  transonic  speeds. 

Shook  waves  in  a  local  supersonic  sons  create  large  pressure  gradients  which 
are  propagated  into  the  region  of  boundary  layer.  The  disturbances,  appearing  in 
boundary  layer,  are  propagated  against  the  flow  and  also  along  the  flow;  they  also 
exert  an  influence  on  field  of  flow  along  the  streamlined  surface. 

We  now  consider  at  first  simpleat  case,  when  in  supersonic  sons  there  will 
be  formed  one  normal  shock*  (Fig.  5-34).  In  boundary  layer  the  speeds  vary  from 
aero  at  wall  to  a  supersonic  value  in  sxtsmal  flow.  Consequently,  within  the  limits 
of  layer  there  is  located  a  line  of  transition  (M  1),  which  divides  region  of 
boundary  layer  into  Bttb8onj.o  and  aupersonlo  parts.  We  note  that  in  a  turbulent 
boundary  layer  the  subsonic  part  has  a  relatively  smaller  thickness,  than  in  a 
laminar  boundary  layer.  It  is  obvious  that  an  Increase  of  pressure  le  preprinted 
through  subsonic  part  of  layer  to  mast  the  flow* 

An  increase  of  pressures  in  sons  of  shook  nay  result  In  the  generation  of  a 
separation.  During  a  turbulent  mode  the  Intensity  of  shook,  causing  a  8spai‘atlon, 
must  be  higher,  since,  as  it  was  pointed  out  sbovs,  a  turbulent  layer  always  is 
detached  later.  We  note  that  slnoe  in  subeonlo  part  of  layer  an  increase  in  pres^ 
sure  is  propagated  against  the  flow,  then  point  of  separation,  ae  a  rule,  is  located 
ahead  of  the  shock. 

Since  the  intensity  of  shock  in  direction  from  wall  varies  (in  accordance  with 
change  of  speeds),  then  in  the  boundary  layer  there  will  foi-m  a  transvarse  pressure 
gradient  and  basic  condition,  assumed  in  calculating  the  layer  ,  in  the 

region  of  shock  is  not  observed.  The  disturbance  propagating  in  subsonic  part  of 


*A8  was  shown  in  Chapter  4>  in  a  nonuniform  auperaonio  flow,  the  shock  is 
curved.  Therefore,  the  eeheine  under  analysis  is  only  a  first  approximation. 
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layar,  rssults  in  th«  ditturbimce  of  this  condition  also  ahsad  of  th«  shook. 

Hsnos,  m  ooncluds  that  tha  ooda  of  floK  in  a  boundary  layar  must  axart  a 
graat  Influanoa  on  tha  location  of  a  shook  In  a  looal  supsrsonio  ions,  and  on  tha 
struotura  and  intanslty  of  a  shook.  This  influanoa  is  sxplainsd  by  diffaranca  in 
valooity  profile  of  laminar  and  turbulant  layars.  Ona  shouldj  hoifevari  oonsidar 
that  distribution  of  spaads  in  bouitdary  3j^r  dspsnds  not  only  on  tha  mods  of  flow, 
but  alao  on  oharaotar  of  changa  of  npsad  of  axtsrnal  flow,  and  consaqusntly,  on 
ourvatura  of  straamlinad  surfaca. 

Exparimsntal  invastigatlons  confirm  tha  gsnaration  of  structurally  diffarant 
shocks  in  laminar  and  turbulant  boundary  layars  (Pig.  5-35). 

In  a  laminar  layar,  looal  shocks  hava,  as  a  ruls,  a  1  -shaped  ferm;  such  a 
shook  consists  of  an  obliqua  ourvad  shook,  merging  with  a  mors  powerful  and  mors 
axtansiva  shook  of  small  ounratura,  anolosing  tha  supersonic  sons.  Ths  ooourrsnoa 
of  a  curved  shook  can  be  explained  as  follows.  Tha  Inoraasa  in  prasaurs,  by  being 
propagated  to  tha  subsonic  parts  of  layar,  oausss  a  marked  Inoraass  in  Itu  thickness 
before  ths  shock.  Ths  Unas  of  flow  in  ths  boundary  layar  are  dsflsotad  from  sur¬ 
face  of  body;  as  a  result,  there  appears  a  system  of  weak  waves  of  oomprasslon, 

>diioh  also  will  form  an  obliqua  shook.  With  an  inoraasa  in  Re  number  (at  N2^>^onst) 
on  basis  of  degree  of  equalising  field  of  spaads  in  boundary  layer,  the  ourvatura 
of  tha  lines  of  flow  before  shook  deoreasas  and  in  a  developed  turbulant  valooity 
profile  tha  first  shook  disappears;  there  remains  one,  but  a  more  powerful  shook  of 
small  curvature. 

Ths  separation  of  flow  in  a  looal  supersonic  sons  does  not  ooexu*  in  all  oases.. 
Soswtines  depending  upon  distribution  of  speed  in  axtsrnal  flow,  ths  separation  has 
a  looal  oharaotar  and  at  a  oartain  distance  behind  the  shocks  there  is  restored  a 
normal  flow  around  the  surface  by  tha  subsonic  flow.  In  the  diffuser  flow  after 
tha  Shooks  the  separation  usually  develops  and  proceeds  to  the  root  region  after 
the  body. 
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Pigv  5'-35«  Dlagraiw  of  ehooks  (*)  and  apaotrun  of 
flow  (b)  In  «  local  auparaonlo  sona  In  liunlnar  and 
turbulent  modaa  of  a  boundary  layer. 

KEY:  U)  lanlnar  layer;  (b)  Turbulent  layer 

In  Fig.  5^36  there  la  presented  a  dlagran  ahowi.ng  the  formation  of  aeparatlon 
In  a  auperaonlo  region.  Point  of  transition  from  a  laminar  layer  to  turbulent 
(point  T),  aa  a  rule,  ia  located  oloae  to  the  point  of  aeparatlon  a. 

Vta  now  turn  to  a  brief  oonaideration  of  the  diagram  of  Interaction  between 
boundary  layer  during  auperaonlo  speeda  and  waves  of  rarefaction  and  ahock  waves. 

Since  In  a  real  supersonic  flow  there  always  will  form  shook  waves  and  waves  of 
rarefaction,  then  one  of  Important  problems  In  the  theory  of  boundary  layer  at  Afo.>l. 
Is  the  study  of  interaction  of  shocks  and  waves  with  the  boundary  layer.  Experimental 
data  make  It  possible  to  conclude  that  conditions  of  Interaction  of  snook  with 
boundary  layer  can  be  different  depending  upon  Intensity  of  shock,  the  distribution 
of  speeds  of  external  flow  and  mode  of  flow  In  layer. 
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DlAgraLMi  Illustrating  prlnolplaa  of 
th«  intaraotlon  of  shocks  and  waves  of 
rarsfaotlon  with  boundary  Xayar  ars  shown 
In  Fig.  5-57.  With  a  loi4  Intensity  of 
shook  (Fig.  5-37fa)  bafors  it  oloss  to 
point  of  its  fall,  thars  ooews  a  "swalling" 
of  tha  Isyar. 

Ao  a  result,  before  the  shook  there 
will  form  a  syetam  of  weak  waves  of  oon- 

Fig.  3-36.  Sohamatio  diagram  of 

separation  of  boundary  la^r  before  pression,  oreating  tha  rafleoted  shook  CD. 
shook  wave. 

The  flow  around  the  thiokened  subsonic 

part  of  layer  is  aooompanied  by  the  formation  of  a  weak  wave  of  rarefaction  and  a 
second  rafleoted  shock  PE.  With  a  slgnifioant  Intensity  of  the  lowering  shook 
(Fig.  5-37, b)  the  increase  of  pressures  before  shook  near  point  of  lowering  may  re¬ 
sult  In  a  separation  of  the  flow* 

In  the  fall  of  a  wave  of  rarefaction,  to  the  wall,  the  thickness  of  the 
boundary  layer  before  the  wave  may  diminish. 

Thus,  we  see  that  aotual  diagram  of  the  reflaotlon  of  shocks  and  waves  of 
rarsfaotlon  from  a  wall,  by  a  streamlliiAd  viscous  fluid,  differs  considerably 
from  the  diagrems,  oonsldered  In  Chapters  3  and  4,  for  an  ideal  fluid.  Tha  main 
distinction  consists  in  the  fact  that  the  ehooks  (waves  of  rarsfaotlon)  through 

subsonic  part  of  layer,  change  the  field  of  flow  before  point  of  fall,  and  the 
simultaneously  deformed  boundary  layer  creates  new  wave  formations.  However,  main 
property  of  a  rigid  wall,  reflecting  the  shook  (waves)  with  the  asms  sign,  is 


melntalnsd  also  in  a  viscous  flow. 
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Fig.  5-37-  Diagrams  llluBtratlng 
intfraotion  of  ihooks  with  bound¬ 
ary  layar  at  suparaonlo  apaads, 

5-X3 ♦  Raalatanoa  of  Bodlaa  at  Subsonlo  and 
Suparaonlo  Spaada 

Praaaura  and  tangantlal  frictional  forcaa  act  on  atraamllnad  body  flowad  around 
by  a  gaa.  Tha  raaultant  of  theaa  forcaa  la  tha  total  aerodynamic  force.  In  study¬ 
ing  a  two-dlaanalonal  flow  around  conventionally  tha  aarodynamlo  foroa  la  raprasanted 
by  two  oomponanta:  and  Py.  (Fig.  5-38).  As  la  known'**’,  the  component  whose 

direction  ooincidea  with  direction  of  speed  of  incident  flow  la  called  tha  foroe  of 
drag,  and  tha  ooDq|)onant  normal  to  vector  of  apeed  of  Incident  flow  arbitrarily 
la  called  the  lifting  foroe  or  the  Zhukovskiy  foroe. 

In  bearing  in  mind  origin  of  foroe  P^^,  drag  ia  subdivided  into  frictional 
resiatanoe  and  x^alatanoe  of  preasure.  Such  a  division,  in  spite  of  a  certain 


*See  Chapters  3  and  5. 


Flgt  5-3Q*  ForeeSp  acting  on  streamlinad 
body. 

KSTt  (a)  Boundary  layer;  (b)  Vortex  trace 
conventionalltyp  la  practically  very  convenient  in  calculating  the  resistance. 

A  body,  placed  in  a  flow,  creates  a  disturbance,  as  a  result  of  which  in 
the  region,  adjacent  to  body  parameters  of  the  flow  vary.  The  distribution  of  the 
pressures  along  the  surfaced  of  the  body  depends  on  its  shape  and  orientation  In 
the  flow  and  also  on  the  speed  of  the  undisturbed  flow.  The  distribution  of 
frictional  forces  along  the  body  sx:i.rfaae  also  depends  on  these  factors. 

The  distribution  of  pressures  along  surface  of  body  is  characterised  by  the 
pressure  coefficient.  We  now  consider  the  distribution  of  pressures  along  wing 
profiles  of  different  shape  at  different  small  angles  of  attack  (Fig.  5-.19)  for  low 
speeds.*  On  upper  and  lower  sxu'facos  near  top  of  profile  there  occurs  an  Intense 
acceleration  of  flow  with  a  corresponding  lowering  of  pressure.  Those  sectors  of 
the  profile  are  the  nossle  sectors,  the  lowering  of  pressure  on  upper  surface  of 
profile  occurs  more  intensively  than  on  the  lower.  Behind  pointe  of  minimum  on 
lower  end  upper  surfacee  flow  Is  decelerated.  This  region  of  flow  along  wing  is  the 
diffuser  sector.  We  note  that  the  diffuser  sector  on  upper  surface  la  oharuotsrlaed 
by  higher  values  of  the  pressure  gradient.  On  trallJnig  edge  profile  where  there 


sUsually  the  distribution  of  pressures  is  conventionally  constructed  on  basis 
of  the  profile  chord  in  which  the  negative  values  of  pressure  coefficient  (rare- 
faciion)  are  plotted  upwards,  and  the  positive — downwards. 
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Fig.  5-39.  Distribution  of  prsssures  along  two  pro¬ 
files  of  varying  thlokness  at  different  angles  of 
attack  for  low  subsonic  speeds,  o— angle  of  attack; 

•,~coefflciont  of  lifting  force. 

occurs  a  nnerging  of  the  flows ,  streaming  off  from  upper  and  lower  surfaces  of 
profile I  total  pressuz's  is  not  restored,  since  in  boundary  layer  Irreversible 
losses  take  place  (Fig.  5-38). 

At  angle  of  incidence  the  picture  of  pressures  in  the  profile  varies  consider¬ 
ably.  Significant  diffuser  sectors  appear  on  lower  surface  along  that  tip. 

Ae  we  have  seen,  dvjrlng  descant  from  trailing  edge  of  profile  there  will  be 
formed  a  vortex  wake,  saturated  with  vortices,  generating  in  the  boundary  layer. 

The  structure  of  a  vortex  wake  varies  with  distance  from  the  profile.  Vortices, 
generating  in  the  boundary  layer,  are  developed  in  the  eeparatlon  from  profile  and 
then  at  a  significant  distance  after  the  body  die  out  as  a  I'esult  of  the  interaction 
with  external  flow.  At  the  same  time  the  energy  of  vi.  tlcos  will  be  transformed 
into  heat.  Vortex  formation  results  in  a  lowering  of  pressure  in  the  region  of 
trailing  edge  and  beyond  the  profile  in  trace. 

With  a  known  distribution  of  pressure  along  contour  of  wing  there  can  be 
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found  the  projection  of  forces  of  pressure  onto  the  sense  of  a  vector  of  speed 
«?«• 

It  Is  readily  seen  that 

P'  =  JP,cos(jc,n)rf5, 

i#hsre  ^  is  an  elemsnt  of  profile  surface. 

The  force  caused  by  difference  of  pressures  at  points  of  streamlined  body 
and  directed  against  its  notion.  Is  the  resistance  force  of  the  ^^ressures.  In 
addition  to  the  force  P^  the  resultant  of  tangential  forces  of  friction  P^  acts 
on  the  profile. 

Thus,  the  total  drag  of  body  in  a  plane  flow  is  sum  of  resistance  of  pressure 
and  resistance  of  friction: 

It  Bust  be  especially  enphasized  that  the  resistance  of  pressure  and  resistance 
of  friction  have  one  and  the  same  cause  viz, — the  viscosity  of  the  fluid.  The 
profile  drag  is  defined  as  the  resistance  of  a  cylindrical  wing  during  its  continuous 
flow  around  by  an  infinite  two««dimenslonal  flow. 

For  evaluating  the  force  of  interaction  between  the  flow  and  streamlined  body 
there  are  introduced  dimons lor. less  coefficients  of  forces,  which  are  called 
eerodynamic  eoefficlente. 

Thue,  resistance  of  body  is  characterized  by  the  drag  coefficient 

where  P  is  the  characteristic  area*  of  the  body; 

Pta  is  the  static  p. assure  of  undleturbed  flow. 

The  coefficient  of  the  lifting  force  by  analogy  is  the  magnitude 

- 

♦In  formulas  for  and  c_  of  wing  profiles  there  le  Introduced  the  wl  ig  area, 
equal  to  the  pnduct  of  chord  of  profile  and  the  length  of  wing. 
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As  has  already  been  indicated,  the  forces,  acting  on  streamlined  body,  and 
consequently,  and  aerodynaaiic  coefficients  c  and  c  depend  on  the  shape  of  the  body, 

*  r 

the  mode  of  its  flow  around  and  orientation  of  body  in  the  flow.  During  low  speeds, 
when  compressibility  is  virtually  inovident,  the  shape  of  the  body,  angle  of  in¬ 
cidence  and  Re  number  exert  the  chief  Influences  on  the  drag  coefficient.  The 
existence  of  such  dependonce,  corroborated  by  numerous  experiments  ensues  from  the 
physical  nature  of  resistance  of  pressure  and  resistance  of  friction. 

Actually,  depending  upon  shape  of  body  the  character  of  the  disturbance, 
created  by  body  in  the  flow  varies.  In  this  connection,  the  distribution  of  para- 
moters  of  the  flow  along  the  contour  of  the  body  and,  consequently,  both  components 
of  the  force  vary.  The  resistance  of  friction  varies  in  connection  with  change 
of  structure  of  boundary  layer  and  mode  of  flew  in  it. 

An  analogous  reconstruction  of  spectrum  of  flow  around  occurs  with  a  change 
of  orientation  of  body  in  the  flow.  In  this  case  in  exactly  the  same  way — the  total 
resistance  of  the  body  and  its  component  vajry.  Hence,  also  it  follows  that  in  a 
complete  equilibrium  of  resistances  of  body,  the  specific  effect  of  the  resistance 
of  pressure  and  resistance  of  friction  may  vaj^  depending  upon  the  indicated  para¬ 
meters.  Thus,  profiles  of  a  well  streamlined  shape  at  low  spoeda  have  a  ccxnparative- 
ly  email  profile  drag,  in  which  resistance  of  friction  is  fundamental.  With  an 
increase  of  the  relative  thickness  of  profile  and  angle  of  attack,  the  role  of 
resistance  of  pressture  Increases.  The  resistance  of  friction  at  first  varies  little, 
but  later  diminishes.  Just  like  the  total  force  of  drag  so  can  the  coefficient  of 
resistance  be  presented  in  the  form  of  two  components: 

where  is  the  drag  coefficient  of  pressure; 

is  the  drag  coefficient  of  friction. 

With  an  increase  of  thickness  of  profile  the  positive  pressure  gradients  in 
the  root  portion  of  profile  increase  and  point  of  separation  is  dlspJAced  against 


flow.  For  this  reason  resistance  of  pressure  increases.  Since  in  this  connection 
the  magnitude  of  surface  of  friction  is  reduced,  then  diminishes. 

With  an  increase  in  Re^  number  for  a  well  streamlined  profile,  insign¬ 
ificantly  diminishes,  since  the  thickness  of  the  boundary  layer  and  zone  of  separation 
decrease.  At  the  some  time,  with  an  increase  of  Rc^  also  the  coefficient  of 
friction  decreases  (See  preceding  paragraphs).  In  evaluating  the  influence  of  the 
shape  of  body  and  Re^  number  sometimes  .it  must  be  assumed  that  boundary  layer 

exerts  an  influence  on  the  external  flow:  The  lines  of  flow  in  the  external  flow 

« 

are  displaced  by  the  boundary  layer.  A  detailed  investigation  make  it  possible  to 
establish  that  distribution  of  pressures  along  contour  of  profile  in  the  flow  of  a 
viscous  fluid  coincides  with  distribution  of  pressures  along  contovu*  around  a  cer¬ 
tain  fictitious  body  (obtained  from  profile  by  means  of  thickening  it  by  the 
magnitude  of  thickness  of  displacement  a*),  flowed  around  by  an  ideal  fluid.  It 

follows  from  this  that  tha  structure  of  boundary  layer  is  determined  by  the  external 

; 

flow,  but  on  the  other  hand,  boundary  layer  can  exert  an  opposite  effect  on  the 
external  flow.  We  note  the  opposite  effect  of  the  layer  is  found  to  be  especially 
great  along  the  trailing  edge  of  profile,  idiere  the  thickness  of  layer  has  a  maxi¬ 
mum  value.  The  thickness  and  distribution  of  speeds  in  boundary  layer  along  trail¬ 
ing  edge  to  a  significant  degree  e.xert  an  influence  on  the  profile  drag. 

The  Re^  number  exerts  an  influence  on  the  separation  of  the  flow,  which  may 
manifest  itself  with  large  angles  of  attack,  when  positive  presaure  gradients  in 
diffuser  regions  attain  large  values.  An  increase  in  the  Re^,  number,  which  results 
in  the  turbulization  of  the  layer,  may  sharply  decrease  the  coefficient  of  profile 
resistance  at  a  large  angle  of  attack,  since  the  separation  is  displaced  towurds 
trailing  edge  of  profile  and  the  resistance  of  pressure  lowers.  An  Increase  in 
Re^  number  during  a  mixed  continuous  flow  around  displaces  the  region  of  trcmsltlon 
against  flow  and  may  result  in  an  Inoroass  in  the  frictional  resistance. 

At  large  values  of  the  Incident  flow,  compressibility  exerts  an  inJ luenoe 
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on  {irofilo  rssistance.  During  continuous  flow  around  slander  bodies  of  a  well 
streamlined  shape  the  point  of  transition  is  displaced  along  the  flow  and  the 
drag  coefficient  decreases  somewhat.  With  the  occurrence  of  a  separation  along  con¬ 
tour  of  body  an  increase  in  displaces  the  point  of  separation  against  the  flow, 
by  which  the  streamlining  of  body  deteriorates.  It  should  be  noted  that,  besides 
this,  with  an  increase  of  the  intensity  of  the  voi’tex  motion  in  the  wake  of 
the  body  increases. 

A  marked  Increase  of  ^ag  coefficient  is  detected  at  transonic  speeds.  In 
this  ease,  drag  coefficient  as  a  function  of  M  number  sharply  increases  and  depend¬ 
ing  on  the  a)iape  of  body  can  by  several  times  exceed  the  value  of  at  M«<A/,. 
viously  it  was  shown  that  shocks  frequently  result  in  a  separation  of  the  flow 
which  causes  even  a  sharper  increase  in  the  resistance. 

The  character  of  distribution  of  pressures  about  the  profile  at  transonic 
speeds  can  be  seen  in  Fig,  5-A0,a  (zone  of  supersonic  speeds  is  shaded).  Here 
there  are  clearly  noted  the  plzoes  of  location  of  shocks  and  increase  of  pressures 
in  the  shocks.  In  Fig.  5-U0,h  the  curve  of  coefficients  of  profile  resistance  in 
this  zone  of  speeds  for  a  wing  profile  is  presented. 

The  above  mentioned  peculiarity  of  flow  around  bodies  at  transonic  speeds 
characterize  specific  effect  of  compressibility.  The  discussion  above  shows  that 
an  ivicraase  of  the  coefficient  of  profile  resistance  at  M»>Af^  is  explained  by  an 
increase  in  the  resistance  of  presaure.  In  a  well-developed  system  of  shocks  on  the 
profile  and  in  separation  of  flow,  the  contribution  of  resistance  of  friction  is 
small  and  its  change  cannot  be  explained  by  such  a  significant  increase  in  c^.  Ws 
note  that  at  M«>Af^  there  can  occur  a  sharp  decrease  in  coefficient  of  lifting 
force  Ov  ;  a  change  in  c-  also  is  stipulated  by  the  redistribution  of  pt^essuies 
along  the  profile  and  proceeds  usually  at  larger  Af.,  tiumbers  than  those,  at 
which  an  increase  in  is  noted. 

The  manifestation  of  sonic  speeds  at  points  of  tha  profile  can  be  established 
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b]r  th«  picture  of  distribution  of  pressures.  The  pressure  coefficient  at  these 
points  acquires  a  value,  which  is  determined  by  formula  (3-17). 

From  the  preceding  it  follows  that  the  value  depends  not  only  on  shape  of 
the  body,  but  also  on  the  orientation  of  body  in  the  flow,  i.e.,  on  angle  of 
attack. 

At  supersonic  speeds  of  incident  flow  resistance  of  pressure  basically  is 
determined  by  the  wave  resistance.  The  location  and  intensity  of  shocks  and  waves 
of  rarefaction  depend  on  the  shape  of  the  streamlined  body,  location  of  body  in 
flow  and  the  AU.  number. 

Vie  now  consider  the  flow  around  a  diamond-shaped  profile  at  Mi»>l.  (Fig.  5-41  }• 
By  knowing  the  geometric  dimensions  of  profile,  by  using  formulas,  given  in 
Chapters  3  end  4*  it  is  possible  by  a  calculation  method  to  construct  a  picture 
of  flow  around  such  a  profile:  to  find  the  angles  and  intensity  of  the  forward 
and  tail  shocks  ABC  and  and  waves  of  rarefaction  DEF  and  D.E.P. .  Then,  we 

will  determine  pressure  in  regions  II  and  III.  finding  projection  of  resultant 
force  on  direction  of  nonperturbed  flow,  we  are  certain  of  the  <|idstenoe  of  a 
resistance  force  caused  by  the  change  of  pressures  in  shocks  and  waves  of  rarefaction. 
We  note  that  in  distinction  from  subsonic  speeds  this  portion  of  resistance  of 
pressure  at  transonic  and  supersonic  speeds  (wave  resistance)  is  separated  into  an 
independent  category.  Coefficient  of  profile  resistance  la  presented  in  such  a 
form: 

frlet 

where  is  the  coefficient  of  wave  resistance  of  the  body. 


Fig.  5-*41.  Spectrum  of  flow  around  a  diamond- 
shaped  profile  by  a  flow  of  supersonic  speeds. 
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5~14.  Raslstance  of 


In  a  Flow  of  Gas 


Bodies  which  in  any  position  are  flowed  around  with  a  separation  of  flow  are 
ealled  poorly  streamlined.  For  poorly  streamlined  bodies  even  at  low  speedsi  a 
significant  part  of  total  resistance  is  the  resistance  of  pressure. 

Specific  peculiarities  of  spectrum  of  a  separation  flow  around  can  be  traced 
in  the  example  of  a  sphere  or  a  cylinder. 

In  Fig.  5~42  distribution  curves  of  pressures  along  the  sphere  contour  at  BK) 
(incompressible  fluid)  for  different  Reynolds  numbers  are  presented.  In  sector 
from  the  forward  point  up  to  point  M,  pressure  along  contour  of  sphere  sharply 
diminishes  (noasle  region),  and  then  after  frontal  section  is  observed  an  increase 
in  pressure  (diffuser  region).  At  a  certain  point  S  there  occurs  a  separation  of 
the  layer;  beyond  line  of  separation  the  pressure  varies  slightly. 
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Fig.  5**42.  Distribution  of  pressures  along 
contour  of  sphere  at  different  Reynolds  numbers. 

I— Re  -  157,200;  o*  0.471;  II— Re  -  251,300; 
c,  •“  0.313;  III— Re  »  ;?98,500;  c^  «  0.151;  IV 
-iRe  -  424,500;  -  0.143. 

At  considered  speeds  (A1^^  0)  a  eignlflcant  influence  on  distribution  of 


prcssuras  is  axartad  the  Reynolds  number.  It  is  possible  to  note  that  with 
An  increase  of  Re^  pressure  at  point  M  decreases,  but  at  point  So-increasas . 
Charaoteristio  also  is  the  displacement  of  points  K  and  S  along  the  flow. 

Numerous  experiments  confirm  the  existence  of  dependence  of  drag  coefficient 
of  sphere  (cylinder)  on  number.  In  Fig.  5-43  corresponding  graphs  are  given. 

Here,  there  can  be  noted  five  characteristic  regions  of  the  variation  of  Cx*  At 
R<i«<2  •  10^  to  3  •  10^  Cjj  decreases'll  with  an  increase  of  Re^  and  especially  in¬ 
tensively  in  aone  of  small  Re^<100.,  In  the  sector  Re^  “  2  •  10^  to  2  •  10^,  drag 
coefficient  increases  somewhat  (region  III),  but  then  in  the  interval  Re^  *  2  •  lO^to 
2  •  10^  0  is  maintained  constant  (region  IV).  After  this  in  a  narrow  range  of 
variations  of  Re^  “  2  *  10^  to  4  •  10^  (4«5  *  10^)Ox  decreases  in  the  form  of 
a  depression  (region  V).  At  Re^>4.5  *  10^  there  is  noted  a  certain  increase  of 
after  which  o^  acquires  virtually  a  constant  value. 

Experiments  sho'w  that  the  transition  from  one  region  to  another  is  accompanied 
by  change  in  spectrum  of  flow  around  sphere  (Fig.  5-43).  At  small  RCg,<100  the 
chief  role  is  played  by  resistance  of  friction,  which  a  sharp  decrease  in  with 
an  increase  of  the  Reynolds  number  in  this  region  corroborates  the  lack  of  a  quad¬ 
ratic  dependence  between  reeletanoe  force  and  the  speed  The  formation  of 

eeporatlon  In  the  afterbody  causae  further  gradual  drop  in  with  an  increase  of 
Re^.  .  Region  III  ie  characterised  by  a  slight  increase  of  Cx»  which  Is  explained  by 
intensification  of  vortex  motion  In  afterbody.  In  this  region  resistance  of  friction 
in  boundary  layer  is  small.  The  resistance  of  pressure  plays  major  role. 

Here,  as  well  as  in  the  region  IV,  on  line  of  separation,  the  layer  is  laminar. 
As  is  known,  the  position  of  point  of  separation  of  laminar  layer  does  not  depend 
on  the  Reynolds  number  Consequently,  at  a  certain  value  10^  to  2  '  1(A,  line 
of  separation  occupies  a  fixed  position  on  surface  of  sphere  (cylinder)  and  a  further 

wUpper  limit  Re<  3  •  ICp  correaponda  to  a  sphere,  and  the  lower  Re  <2  •  10^  to 
a  cylinder. 


lnor«AS«  in  does  hot  result  in  e  oiunge  in  position  of  the  line  S, 

Region  IV,  the  corresponding  constant  value  of  is  called  the  region  of  auto~ 
Bodelling  on  basis  of  Reynolds  number.  However,  also  in  this  interval  of  variations 
of  Rsim  there  occurs  a  reconstruction  of  apeetrua  of  flow  around  sphere.  The  laminar 
layer  separating  at  point  5  is  made  turbulent  at  a  certain  point  T  on  the  boundary 
of  tone  of  separation.  With  an  increase  in  Re^  number  line  of  transition  T  is  dis¬ 
placed  towards  line  of  separation  3,  since  in  this  connection  the  turbulence  in 
afterbody  vortex  region  is  increased. 

In  attaining  a  certain  crltica].  Reynolds  number  *  10^  to  k  •  10^* 

point  of  transition  coincides  with  point  of  separation.  Consequently,  at  point  of 
separation  the  layer  is  turbulent,  and  possesses  great  resistivity  to  separation. 
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Fig.  5*-AA.  Change  of  critical  Reynolds 

number  Re^j.  depending  upon  degree  of 

turbulence  for  N;m^0. 
o 

As  a  result  of  change  of  mode  in  motion  in  layer  near  aeparation,  the  point  S 
abruptly  ia  dlaplaoed  along  flow  nnd  the  flow  around  sphere  is  improved  critically: 
the  drag  coefficient  decreases  by  Z  to  4  tinee  (region  V  in  Fig.  5-43).  The  decrease 
in  0^  oooure  owing  to  lowering  of  reeiatanoe  of  pressure,  ainoe  resistance  of 
friction  in  turbulent  layer  i.s  greater  than  in  laminar.  This  phenomenon  is  called 
the  orliioal  region  of  Raynoldu  number  of  poorly  streamlined  bodies. 

The  position  of  Line  of  transition  T  etRe^<Rc^2,  depends  on  degree  of 
turbulence  of  incident  flow.  Therefore,  also  critical  Re^j,  number  varies  considerably 
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dep«ndlng  upon  E^.  Tha  corresponding  experimental  curve  is  shown  In  Fig.  5-44# 

With  on  increase  of  turbulence  to  £  ^3%  critical  number  Re.,  decreases  almost 

o 

3.5  times. 

Curve  in  Fig.  5-44  can  be  used  for  determining  degree  of  turbulence  of  incident 
flow  on  basis  of  critical  Re^^  number.  In  this  respect,  the  value  corre¬ 

sponding  to  drag  coefficient  of  sphere  0^  «>  0.3  (Fig*  5-43)  Is  considered  as  the 

critical  Re^„  number, 
or 

One  should  note  that  at  Re>Re^^  (region  VI  in  Fig.  5-43)  drag  coefficient 
at  first  increases  aomawhat  and  later  virtually  is  independent  of  Re:  this  sons 
ia  second  region  of  auto-modeling,  corresponding  to  the  fixed  position  of  point 
of  separation  of  turbulent  layer. 

Thus,  on  surface  of  sphere  there  are  three  oharaoterlstlc  points:  minimum 
of  pressure  (M),  aaparation  (S)  and  transition  (T),  in  which  turbulisation  of  layer 
occurs.  Mutual  location  of  points  M,  S  and  T  exerts  a  decisive  influence  on  mech¬ 
anism  of  flow  around  and  resistance  of  sphere  at  low  speeds. 

A  study  of  influence  of  compressibility  on  the  position  of  indicated  pointa 
makes  it  possible  to  evaluate  change  of  ejMctrum  of  flow  around  and  resistance  of 
sphere  during  transition  to  large  numbers. 

IbcperiJoents  show  that  as  the  number  increases  the  picture  of  distribution 
of  pressures  along  contour  of  sphere  varies  (Fig.  5-45).  Important  is  the  fact 
that  at  0*3  with  an  inorsaae  in  pressure  in  afterbody  ^hind  sphere 

lowers. 

AtM,,>M.on  surface  of  sphere  there  will  form  annular  xonee  of  supersonic 
speeds,  which  are  enoloeed  by  shook  waves.  The  corresponding  spectra  of  flow 
around  are  shown  in  Fig.  5-46.  Influence  of  Re^  number  on  these  modes  lowers, 
however,  it  remains  significant.  Only  at  M^>0.8  ,  influence  of  Re^  virtually  is 
not  observed.  In  theM^>M^tha  pressure  in  afterbody  continues  to  lower  and  will 
attain  minimum  values  at  1.1  0.8  (Fig.  5-45)# 
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for  high  subsonic  speeds,  characteristic  are  the  sharp  reduction  of  di/ fuser 
region. and  the  decrease  pressure  gradients  in  it.  At  these  speeds,  the  separation 
occurs  in  the  zone  of  location  of  local  shock  waves  (Fig,  5-46)  independently  of 
the  mode  of  flow  in  boundary  layer — laminar  or  turbulent. 


Pig,  5-45.  Distribution  of  pressures  along 
contour  of  sphere  at  different  numbers. 
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Fig.  5-46.  SpactrA  of  flow  around  a  ophera 
at  transonic  and  auporsonio  spaeds. 
a— Mob  “  1.1}  b —  “  1.8j  0—  'x  ‘^3.0. 
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At  high  supersonic  8psed5fM^>1.5)  pressure  curves  have  a  different  character: 
the  pMssure  at  minimum  points  continues  to  increase  /md  the  diffuser  sector  Is 
displaced  along  flow.  The  pressure  in  afterbody  of  sphere  increases  with*  an’ 
increase  of  speed.  i 

Graphs  of  the  pressures  can  be  used  for  an  approximate  determination  of' 
characteristic  linos  of  the  surface  of  the  sphere.  Corresponding  curves 


Fig.  Change  of  position  of  lines  of  pressure  minimum 

and  separation  depending  on  number  for  a  ephere.  Change 
of  pi'essure  in  afterbody  of  sphere  depending  on  M„  (experi- 
Mnt  of  author). 

and  s.  are  shown  in  Fig.  5~47«  Here  it  ie  possible  to  see  that  in  the  speed  range 
M,-  0.3  to  1.1  there  takes  place  a  significant  dislocation  of  line  of  eeparatlow, 
and  besides  independently  of  character  of  flow  arourid  sphere  at  *  0.2  the 
values  0^  and  8^  deorsane,,  i.s.jllne  of  separation  is  displaced  against  ths  flow  and 
flow  around  the  sphere  deteriorstos. 

Consequently,  both  for  Re(,<  «hd  also  for  Re«,>Regp»  the  Influence 

of  oompresslblllty  at  M.,<  1  is  found  to  be  qualitatively  identical.  With  an  in- 
rease  in  M.,  *  the  flow  around  a  sphere  approaches  those  conditions,  which  correspond 
to  a  separation  of  a  laminar  layer.  In  the  region  of  supersonic  speeds,  angle  of 
separation  increases  with  an  Inorsase  of  number  and  the  flow  around  of  sphere 
Improves  (Fig.  5*A7)>  Intensity  of  displacement  of  line  of  separation  lowers  at 
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M^>2.  In  such  flow  inodes  before  sphere  there  will  form  a  curved  shock  wave 
(Fig.  5-46);  at  points  of  separation  weak  conical  shocks  generate. 

Thus,  In  the  subsonic  region  with  an  increase  of  number,  line  of  separation 
is  displaced  towards  fora  critical  point  and  at  0.95  to  1.0  it  occupies  a 

position  nearest  to  it,  but  at  supersonic  speeds  the  seiparation  is  displaced  in 
direction  towards  afterbody.  Hence,  it  may  be  concluded,  that  at  subsonic  speeds 
with  an  increase  of  the  streamlining  of  sphere  deteriorates  and  at  supersonic 
speeds— improves . 

The  discussion  above  shows  that  at  speeds  of  M^>M.  the  position  of 
lines  of  separation  on  sphere  depends  considerably  on  mode  of  flow  in  boundary 
layer  and,  consequently,  on  Re.  Influence  of  compressibility  here  is  reflected  in 
the  fact  that  with  an  increase  of  critical  Re  number  increases  (Fig.  5-47). 
This  3(i:aans  that  turbulisation  of  layer  at  point  of  separation  occurs  at  large  Re 
numbers  and  line  of  transition  T,  apjoroaches  line  of  {separation  S,  more  gradually. 

In  other  words,  the  compressibility  delays  the  transition  of  a  laminar  into  a 
turbulent  mode  of  flow. 

At  l>M^>M^ln  investigated  range  of  Re^  numbers  the  critical  change  of 
picture  of  flow  around,  associated  with  turbulisatlon  of  layer,  in  general,  is  not 
detected  and  beyond  dependence  of  Re,,  ,  streamlining  of  sphere  sharply  deteriorates. 
Hence,  it  may  be  concluded,  that  at  transonic  speeds  shocks  result  in  a  separation 
of  the  laminar  layer  approximately  in  one  and  the  same  section. 

Influence  of  number  M,,  on  drag  coefficient  of  sphere  can  be  evaluated  by 
curves  in  Fig.  5-48.  With  an  increase  c^^  increases,  in  which  in  t>.  pre-drag 

stall  flow  around  CRe,g<  He^^,  curve  1)  drag  coefficients  Increase  less  'intonsively, 
than  in  a  post-drag  stall  flow  around  (Re„>  Re  curve  2).  At  M  >  M  influence®^ 

OF  tP  ^  • 

Re^  on  Cj^  weakens  and  for  0.8  curves  of  c^j,  for  different  Re^  virtually 
coincide. 

The  total  drag  coefficient  of  sphere  can  be  presented  In  the  form: 

r  «op» 
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lirtiere  Is  the  coefficient  of  the  head  drag; 

®iBop  is  the  coefficient  of  afterbody  effect. 

In  Fig.  5-48  in  addition  there  are  presented  the  curves 
A  comparison  of  curves  and  Cj^  shows  that  coefficient  of  the  head  of  sphere 


j  Fig.  5-48.  Drag  coefficients  of  sphere  depending 
j  on  M  number  on  basis  of  data  of  tests  in  wind 
/  tunnel  and  under  field  conditions, 

/  KEYS  (a)  Tests  in  tubes;  (b)  Field  tests; 

/  (e)  67  Euler  formula 

®3a.  “  "  ®x/kop  speeds  increases  insignificantly.  Consequently,  the 

"compressibility  stall"  of  sphere  rosisUnoe  in  sone  of  transonic  speeds,  which 
is  expressed  in  very  sharp  increase  of  c^  (from  0.15— O.35  to  0.9—0.95)  occurs 
mainly  as  the  result  of  increase  of  afterbody  resistance. 

At  supersonic  speeds,  c^  continues  to  increase  and  will  attain  a  value 

atMo,’-^  1.6.  Maximum  [portion]  of  curve  cx^this  tone  is  very  gentle.  At  kop 

Intensively  decreases . 

In  Fig.  5-48  also  results  of  other  investigations  are  given.  It  is  character¬ 
istic  that  at  transonic  and  supersonic  speeds  all  experimental  data  agree  very  well.* 


*In  Fig.  5-48,  there  is  plotted  also  the  curve  e  , 
formula; 


constructed  by  the  Euler 


It  is  curious  to  note  that  the  Euler  formula,  derived  about  200  years  ago, 
gives  results  close  to  experimental  values  of  at  M^<  1. 


AtM^>Hhe  resistance  of  a  pooriy  streamlined  body  is  practically  independent 


of  Re. 

5-15.  Motion  of  Gas  in  Curvilinear  Channels. 

In  the  motion  of  gas  in  oxirviUnear  channels  specific  phenomena  develop. 
Actually,  let  us  consider  the  flow  of  gas  along  a  channel  of  constant  cross>sectlon, 
in  >diieh  the  flow  makes  a  90°  turn  (Fig.  5-49).  Momentum  in  channel  is  small  in 
comparison  to  speed  of  sound,  so  that  influence  of  compressibility  can  be  disregarded, 
in  connection  with  the  fact  that  the  particles  of  gas  moved  along  curvilinear 
trajectories,  the  pressure  at  external  (bend)  and  internal  (convex)  walls  of  channel 
is  found  to  be  different  and  varies  differently  in  direction  of  motion.  Since  the 
particles  in  the  core  of  flow  under  action  of  centrifugal  forces  are  pushed  to 
external  vail,  then  pressure  along  AB  increases  in  comparison  to  pressure  of  in¬ 
coming  flow  pp  and  along  A decreases  (Fig.  5-49«a).  After  the  turn  the  pres¬ 
sure  on  concave  wall  lowers,  but  on  convex  increases)  at  a  significant  distance 
after  the  turn  the  pressures  are  equalized. 

Thus,  In  sections  of  curvilinear  channel  there  is  established  nonuniform 
distribution  of  speeds  and  pressures)  here  a  transverse  pressure  gradient  develops. 
Particles  of  flvdds,  moving  in  a  boundary  layer  along  flat  walls,  are  under  the 
Influence  of  difference  in  pressure  and  in  possessing  small  speed  in  direction  of 
BMin  motion,  will  overflow  towards  internal  wall,  in  undergoing  a  greater  deflection, 
than  particles,  more  distant  from  the  walls.  According  to  conditions  of  continuity 
in  the  core  of  flow,  there  should  develop  compensating  flows,  directed  towards 
external  wall.  As  a  result  in  the  channel  there  will  form  a  secondary  vortex  mo¬ 
tion,  superposed  onto  main  flow.  The  streamlines  of  secondary  flow  are  enclosed 
within  cross  section  of  channel  (Fig.  5-49»b). 

The  secondary  flow  consists  of  two  flows,  which  near  the  flat  walls  are 
directed  towards  convex  sxirface,  and  in  center  of  channel — to  concave  surfs se  of 
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Pig.  5-49 •  Diagram  of  flow  in  curvilinear  channels 
with  varying  shape  of  cross  section. 

KBf:  a)  P  concave  -  p>  0;  b)  P  convex  -  p  x.  Oj 
o)  Streamlines  of  secondary  flow;  d)  Convex  wall 
e)  Along  E-F 

channel.  Secondary  flows  have  synmetrlcally-heUoal  character.  The  streamlines 

of  secondary  flow  on  flat  walls  are  Indicated  by  dotted  line  (Fig.  5-49>a). 

Along  section  of  concave  wall  AB  and  along  section  of  convex  wall  B  D  is  the 

1  1 

diffuser  flow.  Depending  upon  the  shape  of  curvilinear  channel  here  there  can 
appear  separations  (sons  I  and  II  in  Fig.  5-49,a).  The  soperation  on  concave  wall 
AB  can  be  localised  by  subsequent  nozzle  flow  in  the  sector  BD.  The  separation  in 
sector  has  a  larger  extent  along  the  flow. 

Structure  of  secondary  flow  in  curvilinear  channel  and  additional  loss  of 
snsrgy  caused  by  it  considerably  depend  on  geometric  shape  of  channel  and  mode  of 
flow  (Re  and  M  number). 

Bxqperlfflonta  show  that  structurs  of  secondary  flows  varies  with  a  change  of 
shape  of  cross-section  of  channel  (Fig.  5-49fb).  The  greatest  differences  in  the 
abovs-eonsidersd  diagram  are  detected  in  channels  with  a  rectilinear  shape  of 
orose-seotion  (1  >  a  and  1  <a).  In  the  case,  1  ^a«  secondary  motion  of  gas  along 
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Fig.  ^•50.  Influence  of  radlua  of  curva¬ 
ture  of  concave  and  convex  walla  of  curvi¬ 
linear  channel  with  angle  of  rotation  90** 

(a)  and  the  influence  of  ratios  of  croaa- 
aectlons  of  channel  vdth  angle  of  rotation 
180°  on  losses  according  to  Kh.  Nippert's 
data  (l/a^“4). 

concave  and  convex  walls  la  hamperedi  since  particles  must  stake  a  long  path,  during 
the  period  of  vdilch  friction  Is  reflected.  Such  an  overflowing  is  found  possible 
only  in  the  boundary  layer  along  flat  walls;  it  begins  on  concave  surface  (along 
flat  walla)  and  continues  on  flat  walls  towards  convex  surface,  where  boundary 
layer,  participating  in  peripheral  motion,  coalesces  with  boundary  layer  of  main 
flow  and  intensively  swells.  At  the  same  time  owing  to  motion  in  boundary  layer  from 
concave  surface  to  convex  in  core  of  flow  along  flat  walls  there  will  form  compen¬ 
sating  flows,  directed  to  concave  wall.  These  flows  Jointly  with  boundary  layer, 
moving  along  flat  walls  in  opposite  direction,  will  form  closed  vortex  regions, 
embracing  not  ths  entire  section  of  walls,  but  only  a  portion  of  it  close  to  the 
convex  and  flat  walls.  In  the  channel  of  rectilinear  cross-section  under  consid¬ 
eration  the  secondary  flow  degenerates  into  a  pair  of  Vortices,  revolving  in 
opposite  directions. 

In  the  formation  of  the  secondary  flow  a  part  of  kinetic  energy  of  flew  is 
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•xpandftd.  The  loss  of  energies,  caused  by  curvature  of  channel  can  be  considered 
as  the  sum:  a)  of  additional  losses  to  friction  due  to  secondary  motion;  b)  of 
vortex  losses  in  sones  of  separation;  e)  losses,  caused  by  vortex  compensating  flows. 
The  largest  portion  of  losses  consists  of  vortex  losses  resulting  from  separation. 

In  Fig.  5‘-50,a .  there  are  presented  KhWippert's  data  characterizing  the  in¬ 
fluence  of  certain  geometric  characteristics  of  channel  on  losses.  Hare  coefficient 
C  defined  as  the  difference  between  total  energies  at  entry  and  at  exit, 

related  to  the  kinetic  energy  heat  at  the  entry  into  channel. 

As  can  be  seen  from  Pig.  5^50, a  considerably  depends  on  internal  r^ 

and  external  r^  radii  of  curvature  and  gecm&etric  nozzle  condition  of  channel, 

—  ai  ~ 

determined  by  the  relation  a  .  If  a  >  I,  then  the  channel  is  a  nozzle  type  and 

*2 

if  channel  is  a  diffuser  type*  With  a  given  ratio  of  a,  the  change 

in  or  r^^  results  in  a  change  of  the  ratio  and,  consequently,  of  the  cross- 

section  area  along  axis  of  flow.  Points  of  minimum  of  curves  correspond  to 

different  r^^-  ^  depending  on  r^-  Optimum  values  of  are  somewhat  less  than 
r^.  With  a  given  r^,  an  increase  in  resulte  in  an  especially  sharp 

Increase  of  losses.  In  this  case,  curvilinear  channel  acquires  an  alternatlngly 
narrowing-expanding  shape;  speeds  of  flow  at  the  turn  and  the  losses  Increase* 

Curves  in  Fig.  5-$0,a  also  reflect  influence  of  parameter  a.  In  diffui^er 
channel  (a<l)  losses  ax's  greater  than  In  channels  of  constant  cross-section  (o'— 1) 
and  of  nozsle  sections. 

In  the  entire  range  of  values  ©f  and  Pa  the  envelope  of  curves  (P^,  Pa) 
lies  higher  for  diffuser  channel  (a  0.767).  The  channel  of  constant  section 
(a  ■■  1)  occupies  an  intermediate  position. 

An  analogous  influence  of  geometric  parameter  a  is  detected  also  for  a 
channel  with  angle  of  rotation  180°  (Fig.  S-SOfb).  The  minimum  of  losses  in  such 
channels  corresponds  to  values  In  which  optimum  compression  in  exit  part  of 

channel  decreases  with  a  transition  to  diffuser  channels  (n<l)>. 
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In  Pig.  5-51  them  are  given  values  of  radii  of  curvature  and  relationship 
of  characteristic  sections  of  channel,  assxiring  minimum  intensity  of  secondary  flows 
in  a  curvilinear  channel.  From  the  graphs  it  follovrs  that  in  diffuser  and  slightly 
noBSled  channels  it  is  expedient  to  make  average  cross-section  of  channel  lai'ger 
(o^2>l),  and  then  to  assure  a  nozzle  flow  by  a  corresponding  compression 
In  this  case  difference  of  pressures  decreases  between  concave  and  convex  surfaces 
in  sections,  where  curvature  of  channel  is  a  maximum,  and,  consequently,  the 
Intensity  of  the  secondary  lowers.  Besides,  the  compression  of  exit  part  of  channel 
reduces  region  of  separation  on  convex  wall  (Fig.  5~49,a),  and  In  certain 
eases  also  prevents  a  separation.  Experiments  of  Kh.  Nippert  showed  that  depending 
upon  angle  of  rotation,  and  radii  of  curvature  of  concave  and  convex  walls,  the 
optimum  relationships  of  magnitude  <i^and  a^  vary. 

These  relationships  depend  also  on 
geomstrlc  nozzle  state  of  channel,  i.e.j 
on  a.  Experiments  show  that  with  an  in¬ 
crease  of  radii  of  curvature  of  back  and 
concave  surface  losses  from  secondary  flows 
decrease.  At  the  same  time  (Fig.  5-51»e) 
wj.th  Increase  of  radius  of  curvature,  r^^ 

optimum  value  of  a  increases  at,  a  given 
Fig.  5-52.  Optimum  values  of  ^  ® 

depending  on  geometric  nozzle-  angle  of  turn  of  flow  and  degree  of  channel 

state  of  curved  channel  7^  on 

basis  of  data  of  Kh.  Nippert.  oonvergenoe  (a).  The  dependence  of  on 

Angle  of  rotation  ISO", 

a.,  corresponding  tc  minimum  losses  In 
curvilinear  channel  with  angle  of  rotation  180"  is  shown  In  Fig,  5-52. 

One  must  also  note  the  influence  of  relative  height  of  channel  -  on  the 
optimum  value  of  parameter  As  can  be  seen  from  Fig.  5-51, b,  the  relationship 

i  •  f  (i  )  has  a  maximum,  the  position  of  iifhich  is  determined  by  the  overall 

*  *1 

channel  construction  a. 
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Fig*  5**53«  Changs  of  loss  factors  In  ourvlllnear 
ohannels  dopsndlng  on  M  number  at  exit  (expari- 
asnts  of  V.  I.  Nikitin )? 

The  influence  of  the  two  noet  important  mode  parameters—the  Re  and  M  numbers- 
on  the  loss  and  structure  of  flow  In  eurred  channels  can  be  evaluated  on  the 
basis  of  curves  in  Fig.  5-53 •  With  an  increase  in  Re,  the  losses  in  channel  decrease 
axid  turbulisatlon  of  layer  near  separation  results  in  the  displacement  of  line  of 
separation  along  flow  which  also  causes  a  sharp  lowering  of  the  losses. 

Influence  of  oompreeaibillty  at  pre-stall  speeds  is  reflected  in  the  fact 
that  intensity  of  secondary  flows  lowers.  Analysis  of  distribution  curves  of 
pressures  (Fig.  5-5‘>)  shows  that  with  an  increase  in  M,  transverse  pressure  gradients 
in  channel  decrease,  since  pressure  coefficients  Increase  more  Intensely  on  convex 
surface,  than  on  the  concave.  AtM>M.on  concave  vrall  there  appear  local  /iones 
of  supersonic  speeds  and  the  shocks  enoloelng  them.  The  sepai’utlon  of  flow,  caused 
by  shocks,  results  in  an  increase  of  loss  factors  (Fig.  5-53).  At  supersonic 
speeds  there  is  noted  a  lowering  of  losaee  from  eeoondary  flows. 


Fig.  5-54  Distribution  of  pressures  along  contour 
of  ourvilinaar  channel-— jaoazle  channel,  T2“2.4j 

- diffuser  channel  l2*=-  1.875. 

(a)  Diffuser  channel  (b)  Nozzle  channel}  (c)  No.  of 
points. 


5-16.  Rotating  Flows  of  a  Viscous  Gas 


In  See*  5*^1  it  was  noted  that  the  enthalpy  of  stagnation  in  the  flow  of  a 
viscous  gas  with  nonunlfom  distribution  of  speeds  Is  a  variable  quantity  and  the 
condition  i^*  const  cannot  serve  as  a  characteristic  of  the  flow  and  as  an  integral 
of  the  equation  of  energy  of  adiabatic  flow. 

Most  clearly  this  effect  is  detected  in  rotating  flows  of  gas  and,  in  part¬ 
icular,  in  a  Ranque  vortex  tube  (Fig.  5-55). 

Gas  is  fed  into  vortex  tube  by  nozsles  tangentially  under  pressure  (section 
00  In  Pig.  5-55fa)  and  will  form  within  tube  a  rotating  flow.  From  one  aide, 

(In  section  AA)  flow  leaves  through  aperature  located  on  axis  of  tube.  On  opposite 
end  of  tube  exit  apertxire  is  made  In  the  form  of  annular  slot,  located  along 
periphery  (Section  BB).  As  the  experiment  shows  the  gas,  flowing  through  central 
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apsrture  (In  section  AA).  has  a  significantly  lower  temperature  of  stagnation,  than 

on  periphery  in  section  BB  (Fig*  5-55$^) •  Thus,  for  example,  on  basis  of  I.  Hartnett 

and  B.  Bkkert's  data  the  maximum  difference  of  stagnation  temperatures  corresponds 

to  section  I — and  will  attain  a  magnitude  T*,  —  T  *=  75  to  80*  C.  According 

0 

to  the  degree  of  distance  from  section  00,  profile  of  stagnation  temperatures  levels 
off  and  in  section  III,  the  indicated  difference  will  attain  only  U0°  C.  It  is 
characteristic  that  stagnation  temperature  on  periphery  T  varies  along  tube  less 
intensely,  than  temperature  on  axis  of  tube,  udilch  8harplj>'  increases  towards  section 
BB.  The  lowest  stagnation  temperature  on  axis  corresponds  to  section  1*1. 
Consequently,  in  such  a  tube  there  occurs  temperature  separation  of  gas  flow,  in 
tdiich  through  central  aperture  strongly  cooled  gas  flows  out. 

Velocity  profiles  in  different  sections  show  (Fig.  5-55, b)  that  in  tube  there 
occurs  an  intense  rebuilding  of  flow:  speed  towards  periphery  intensely  decreases 
towards  section  III — III,  and  in  core  on  axis  somewhat  increase. 

The  nonuniform  dlstrlbAtlon  of  speeds  along  radius  explains  Intense  dissipation 
of  mechanical  energy,  internal  liberation  of  heat  and  nonuniform  distribution  of 
stagnation  temperature.  About  the  very  intense  dissipation  of  energy  it  is  possible 
to  Judge  on  the  basis  of  experimsntal  graphs  of  the  distribution  of  stagnation 
pressure  and  static  pressure  (Fig.  5-55, c). 

An  approximate  theoretical  solution  of  considered  problem  can  be  obtained  for 
simplest  case  of  one-<ilmensional  circular  motion  of  a  gas.  Let  us  assums  that  the 
field  of  axial  components  of  speed  in  tube  are  uniform.  Surfaces  of  the  flow  of 
such  rotational  motion  of  gas  will  be  cylindrical:  radial  components  of  speed 
and  their  derivatives  vanish.  Ey  ignoring  the  Influence  of  body  forces  and  by 
assuming  the  motion  steady,  it  is  possible  to  use  equation  of  conservation  of  energy 
(5-3)  in  the  cylindrical  system  of  coordinates: 
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Herd  is  the  circumferential  (tangential)  component  of  speed. 

In  asstaning  in  addition,  j*  -  const,  equation  (5-79)  can  be  integrated.  The 
total  integral  (5-79)  for  considered  case  was  obtained  by  L.  A.  VuUs  in  such  a 
form: 


I  +  Pr  »‘Pr  J  -l-conjt 


(5-eo) 

For  obtaining  of  the  sought  relationship  in  finite  form  it  is  necessary  to 
know  law  of  variation  of  (r).  It  is  expedient  to  consider  two  limiting  oases: 
a)  in  assumption  of  circulatory  (quasipotential)  flow,  distribution  of  speeds  in 
which  is  subject  to  the  condition  ^  **  const,  (Sec.  1-2),  and  b)  for  a  linear 
distribution  of  speeds  c^r  *  const,  corresponding  to  vortex  core  (quasi  solid  flow) 
(Sec.  1-2). 

In  the  first  case  after  substituting  in  (5-30) 

triiere  is  the  tangential  component  of  speed  in  peripheral  section,  outside  the 
boundary  layer; 

f,—  radius  of  tube, 


there  can  be  obtained: 


4  4 

I,  « I  +  if  •»(»  -  *P»)  p  +  eonit, 


(5-81 


^ere  i  «  -  is  the  relative  radius; 


Iq  Is  the  current  value  of  enthalpy  of  stagnation. 

The  constant  on  the  right  hand  side  is  found  by  writing  out  (5-81)  for  section 


r  ••  Pq#  p  "  !•  Then 


4 

COQfl  —  —(I  — 2P0  y  ■ 


Here  is  the  enthalpy  of  stagnation  in  section  r  »  1  (in  peripheral  section 
of  tube). 

After  substituting  the  value  of  constant  in  (5-81)  finally  we  find 

L  ^  '\4,  (5-82) 

Since  c  V"ir  is  the  maximum  speed  in  peripheral  section,  then 

€2  c2coi*«. 

— -4coi»«,. 

where  Sq  is  the  angle  between  vector  of  speed  and  plane  of  rotation  of  gas. 
Consequently, 
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(5-82*) 


Froo  equation  (5-^a)  it  follows  that  under  condition  r/  const,  enthalpgr 
of  etagnatlon  increases  with  approach  to  walls  of  tube,  if  the  number  Pr>  0.5. 

At  Pr  0.5  enthalpy  of  stagnation  is  kept  constant  along  radius,  and  at  Pr  10.5 — 
increases  towsirds  axis  of  pipe. 

For  a  coil  of  flow  on  basis  of  law  ,  ■“  -  const,  from  (5-80)  it  is  simple  to 

obtain  following  formula:  A,. 

ift  (5-83) 

In  this  case  without  the  dependence  on  value  of  Prandtl  number,  enthalpy  of 

stagnation  decreases  towards  axis  of  tube.  It  is  obvious  that  if  for  two  different 

laws  of  the  distribution  of  speeds  along  the  radius,  enthalpy  of  stagn..  ion 

decreases  towards  axis  of  tube,  then  also  for  any  intermediate  law  there  will  take 

place  an  analogous  change  1^^. 

It  is  of  interest  to  evaluate  change  of  enthalpy  of  stagnation  along  radius 


in  fractions  of  kinetic  energy 
Me  designate: 


sL 


—  3(/m  —  /p_  — /» 

- a 


where  i  is  the  enthalpy  of  a  moving  gas  in  section  r  r  . 

10  o 

By  using  formula  (5-82s)  and  (5-83),  we  obtain  for  the  two  different  laws 


on  distribution  of  speeds: 


a/,  (I  --  2Pl)  ^1—  coi*  a,: 
7')c<M*ar 


L*  A.  Vulls  considered  the  more  general  case  of  distribution  of  speeds. 


corresponding  to  the  equation 


i-'fc  ('■+?)• 


Hare  Integral  (5-80)  after  usual  transformations,  acquires  the  form: 

-  I  +  Pi  ^  -  r*j  +2  ^2|n  4  - 1)]  ?o  «*»*  (  5-84) 

♦Formula  (5-82a)  at  point  r“0  gives  .  This  result  is  readily  explained, 

if  we  nmember  that  on  the  axis  of  circulatory  flow  the  speed  assumes  an  infinite 
value  (  V  const).  Here,  there  is  located  the  point  vortex,  distribution  of 
speeds  in  which  is  linear. 


It  foUovs  from  this  that  with  such  circular  motion  at  Pr  >  0  enthalpy  of 
stagnation  varies  along  the  radius. 

For  a  plane-parallel  flow  with  nonunifonn  distribution  of  speeds,  enthalpy 
of  stagnation  is  determined  by  formula  (5~2), 

Distribution  of  static  temperature  across  a  section  of  a  rotational  flow  of 
gas  is  established  by  means  of  equation  of  energy  (5-*d0)<  In  considering  particular 
case  of  a  coll  on  basis  of  laws  e^r  »  const  and  ^  ■=  const  and  by  remembering  that 

4 


frcm  formulas  (5-d2a}  and  (5-33)  we  find: 


for  e/  ■*  const 
and 


~  53^  «  1  -  (I  -  CO»*  «, 


(5-85) 

(5-86) 


for  "  const. 

The  ohange  in  static  pressxire  along  radius  can  be  found,  by  using  equations 
of  the  motion  in  cylindrical  coordinates.  By  takixts  into  account  main  assumptions 
(radial  components  of  speeds  and  longitudinal  pressure  gradients  are  small,  field 
of  axial  speeds  is  uniform)  first  equation  of  system  (1-17)  acquires  following  form: 

(5-87) 

f  dr  r  ' 

Meaning  of  equation  (5-87)  consists  of  the  circumstance  that  it  expresses 
condition  of  radial  equilibrium  of  a  gas  particle,  realizing  a  rotational  motion. 

In  considering  that  f 


we  present  (5-87)  in  a  new  form: 


dp  a  4 

-^-rrr  T  V 


(5-88) 


By  substituting  here  i  from  formulas  (5-85)  and  (5-86),  after  Integration  there 
can  be  obtained  the  approximate  relationships  £(r). 

The  above-obtained  formulas  of  the  variation  of  parameters  across  a  soction 
of  vortex  tube  can  be  used,  if  the  speed  on  periphery  of  tube  Is  known.  For 
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o«leulAtlng  the  flow  in  different  sections  along  length  of  tube  It  is  necessary  to 
locate  by  experimental  relationships  and  a»(Jr)  is  distance  along  axis 

of  tube). 

In  accordance  with  a  change  ^  \  along  length  of  pipe*  also  the  distribution 
aU.  parameters  along  the  radius  varies.  In  certain  sections  there  occurs  an 
equalising  field  of  static  pressures  and  temperatures  and  temperatures  of  stagnation 
in  which  these  sections (p  *■  const;  T  const  and  const)  do  not  coincide. 

M.  G.  Dublnskiy  theoretically  proved  that  in  section  with  constant  static 
temperature  along  radius  there  will  be  attained  a  maximum  of  entropy  o^  a  rotating 
flow  of  gas.  Conssquently,  twisted  flow  in  a  vatttx  tube  tende  to  an  equilibrium 
state,  tdilch  also  will  ba  attained  in  the  section  with  T  ^  const. 

The  equalising  of  flow  in  vortex  tube  is  Illustrated  by  graphs  in  Fig. 

Thus,  in  a  vortsx  tube  there  is  detected  the  of feet  of  tenqperature  separation 
of  the  gas,  udiich  can  be  used  for  cooling  of  different  bodies  and,  in  particular, 

i 

in  rsfrlgerating  installations  of  translsnt  operation  et  cetera.  At  the  same  time 

I 

this  effect  deserves  furthsr  dstailsd  theorstioal  and  experynsntal  study,  since  it 
is  developed  in  all  oases,  when  a  rotation  of  the  gas  (step  turbomachine,  vortex 
pump  et  al«  develops). 

It  must  be  emphasized  that  a  nonunlform  distribution  of  stagnation  temperatures 
in  an  adiabatic  flow  of  viacoue  gas,  associated  with  nonunlform  distribution  of 
speeds,  is  dateotad  also  during  an  external  flow  around  bodies  (in  boundary  layer 
and  wake).  In  all  oases,  when  the  liberated  frictional  heat**  is  not  equal  to 
quantity  of  heat,  diverted  by  thermal  conductivity  there  takes  place  a  nonunlform 

*Wa  recall  that  the  entire  calculation  is  made  without  a  calculation  of  the 
boundary  layer;  the  speed  is  taken  at  the  outer  boundary  of  the  layer. 

**The  liberation  of  frictional  heat  occurs  only  in  those  regions  of  flow  where 
a  nonunlform  distribution  of  the  speeds  associated  with  the  action  of  viscosity 
has  been  established. 
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distribution  of  the  total  energ/. 

Of  significant  interast  is  the  motion  of  a  twisted  flow*-  in  cylindrical 
annular  tubes.  In  this  ease  original  equation  of  energy  (5-79)  laust  be  integrated 
for  the  annular  revolving  flow. 


M  ^ 


I 


*  Such  a  problem  occurs  in  the  investigation  of  a  twisted 
machine  stage  (turbine  or  compressor). 


flow  in  a  tiu'bo- 
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CHAPTER  6 


OUTFLOW  OF  GAS  FROM  NARROWING  NOZZLES  AND  APERTURES. 

THE  UVAL  NOZZLE. 

6>1.  WTrowlnfl  KoagleB. 

Narrowlivs  noialas  «ra  wldaly  usadi  for  oraatlnis  flovra  of  aubaorxlo  and  transonic 
spaada.  Tha  hydraulic  design  of  such  noaslaa  is  vary  simple  and  reduces  to  datar- 
alnlng  tha  dimensions  of  exit  saotlon  on  basis  of  a  given  flow  of  gas  and  given 
outflow  velocity*  In  tha  calculation  it  is  assumed  that  tha  flow  of  gas  in  tha 
nossla  is  adiabatic «  since  for  tha  brief  period  of  time  of  the  passage  of  gas  parti¬ 
cles  through  a  nosslSf  a  heat  exchange  with  environment  virtua].ly  Is  not  established* 
Consequently*  for  calculating  a  nossla  there  may  be  used  equations  of  adiabatic 
flow.  If  we  disregard  the  effect  of  friction*  then  the  flow  in  noazle  can  be 
considered  iaentropio.  As  experience  shows*  frictional  losses  in  short  nozzles 
are  small* 

After  designating,  as  previously*  parameters  of  total  stagnation  p^*  T^*  and  p* 
(in  considered  case— these  are  parameters  of  gas  in  a  reservoir}*  and  parometers  of 
medium  after  nozzle  p^*  T^*  and  we  can  determine  the  speed  in  exit  section  F  of 
aoisle  by  equation  (2-lQ)t 


(6-1) 
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where  “  1*  ratio  of  presaure  after  nozzle  to  preaaure  in  reservoir; 


a  “ 


Po 
k-1 


On  the  basis  of  the  equation  of  continuity  there  may  be  found  the  mass  flow 
rate  of  the  gast 


After  substituting  here  the  value  of  speed  froa  formula  (6-1),  we  obtain: 

. 

Formula  (6-2)  gives  the  flow  of  gas  depending  upon  pressure  and  density  of  gas 
in  a  reservoir  and  pressure  of  medium.  This  formula  is  valid  on  the  assumption  of 
a  uniform  distribution  of  speeds  in  exit  section  of  nossle  F.  The  outflow  of  gas  G 
depending  upon  varies  the  same  as  the  reduced  flow 

Aotually,  since  $  then  after  substituting  the  values  and  a  we 

obtain:  , 


'  ^  (‘  “  Srr  ^ 


From  a  comparison  of  equations  (6-2)  and  (6-3)  it  follows: 

•|  » 


(6-3) 


(6-4) 


Formulas  (6-2)  and  (6-3)  show  that  the  maximum  value  of  flow  oorreaponds  to  the 
critical  speed  A  ■■  I  and,  correspondingly,  critical  ratio  of  pressures 

The  maximum  or  critical  flow  is  obtained  after  substituting  into 

the  equation  (6-2)  or  A  ■  1  into  equation  (6-3): 


(6-5) 


I  •  '  : 
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I 


A.C 


,  (6-5)  is  readily  obtained  by  substituting 

For 


ik«l,4  O.r«2,!4flf/AT,=0,39Gr-^’^^ 


X 


For 

A  « 1 .3  0.  *=  2.09f ~  0.305F  . 


1  into  equation  (2~38)« 


(6-6) 


The  equation  of  flow  (6-2)  shows  that  in  a  given  exit  section  of  nosxle  with 
decrease  in  (,at(,>iithe  flow  of  the  gas  increases,  and  at c,<», according  to  equation 
(6-2)  the  flow  of  gas  should  decrease.  However,  the  latter  does  not  correspond  to 
reality.  Consequently,  equation  (6-2)  incorrectly  describes  the  process  of  gas 
outflow  at  *,<*••  if  into  It  we  substitute  the  ratio  of  pressure  oi  Mdlum  to 
pressure  in  reservoir  p^. 

Let  us  consider  the  outflow  from  a  narrowing  nossle  with  fixed  values  of  the 
pressure  and  touiperature  in  reservoir  and  a  variable  pressure  of  the  medium  p^. 

As  long  as  pressure  of  the  medium  is  higher  than  the  critical  pressure,  cal¬ 
culated  by  parameters  of  gas  in  a  reservoir,  any  changes  in  p  are  propagated 

ft 

also  inside  the  noasle.  In  this  case,  the  flow  of  the  gas  changes  in  accordance 
with  formula  (6-2).  When  a  decreasing  pressure  p^  attains  a  critical  value  p^,  in 
exit  section  of  narrowing  nosale  there  is  established  a  critical  speed  and  subsequent 
changes  of  the  presaure  of  environment  caxuiot  penetrate  Inside  the  nozzle.  Conse¬ 
quently,  actual  differential  of  pressures,  creating  a  flow  of  gas  through  the  nozzle 
at  Pa<.p„  irrespective  of  dependence  on  magnitude  of  pressure  of  environment, will 
be  critical,  and  the  flow  of  gas— maximum  and  constant.  It  follows  from  this  that 
formula  (6-2)  at  p,<p.  only  in  this  case  gives  correct  values  of  the  flow,  if  into 
it  Is  substituted  the  critical  pressure,  «diich  is  established  in  the  exit  section 
of  narrowing  nozsle.  irrespective  of  dependence  on  the  magnitude  p^.  At  moment 
when  in  exit  section  critical  parameters  are  attained  there  occurs  a  unique 
phenomenon  "cutoff  of  nozzle  ,  as  a  result  of  which  the  nozzle  and  reservoir  are 


-NThe  same  as  in  the  case  of  outflow  from  tube  (Chapter  5). 
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found  to  be  isolated  from  the  environment 


Thus,  at«^<t.lnto  formula  (6-2)  It  is  necessary  to  substitute  The  flow 
of  gas  remains  constant  and  ia  determined  by  formula  (6-6). 

I 

The  distribution  of  speeds  in  exit  section  of  nozsle  exerts  an  influence  on  the 
character  of  the  dependence  of  0  on  Ca.  The  above -obtained  formulas  are  well  con¬ 
firmed  by  experiment  only  in  the  case  when  the  profile  of  nozsle  is  made  smooth. 

The  smoothly  narrowing  shape  of  the  nossle  approximates  the  distribution  of  speeds 
in  exit  section  to  uniform.  For  this  purpose  walla  of  the  noasle  must  be  cal¬ 
culated  in  a  special  manner. 

The  profile  of  a  narrowing  nosila  can  be  calculated  by  the  Vltoshinskiy  formula: 


(6-7) 


The  magnitudes,  appearing  in  formula  (6-7),  are  explained  in  Fig.  6-1;  * 
*  Such  a  profile  la  useful  for  noailes,  connecting  two  pipes  of  different 
diameters I  when  the  flow  during  transition  into  pipe  of 
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Fig.  6-1.  Diagram  for  con¬ 
structing  a  narrowing  nossle. 

smaller  diameter  should  be  accelerated,  but  the  speed  at  every  point  of  exit 
section  of  nossle  should  be  identical.  Nossles  of  such  profile  are  used  for  wind 

tunnels  of  subsonic  speeds. 

-1 

The  experiment  shows  that  in  wide  range  of  speeds  up  to  i  *•  0.90  to  0«95, 
field  of  speeds  after  the  nossle  are  fairly  uniform. 
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In  oonn«otlng  nosiln  dlreotly  to  roaorvolr  its  proflla  oan  bo  outllnod  by 

I  »  ■ 

aroo  of  A  clrolo.  SooMtlinos  profile  of  nozale  is  outlined  by  linnlscatea . 

I 

6-2.  Karrowlng  Nogale  with  Variable  Mode  cf  Flow 


In  the  variation  of  parametera  of  a  gat  In  the  reservoir  and  after  nozzle  the 
flow  of  gas  and  spectrum  of  the  discharging  stream  vary,  ^y  using  relationships 
(6-2)  and  (6-5 )«  it  is  possible  to  analyze  the  change  of  flow  during  a  aimultanoous 
change  of  pressure  In  the  reservoir  p^  and  pressure  of  medium  p^. 

Vto  shall  designate: 

i 

Po  laax  maximum  pressure  In  reservoir | 

0#  is  the  maximum  critical  flow  corresponding  to  this  pressure. 

are  current  values  of  pressure  In  reservoir  and  of  the  critical  flow. 

On  the  basis  of  formula  (6-5)  it  is  possible  to  express  the  ratio  of  the  criti¬ 
cal  flows: 


(6-8) 


In  assuming  that  with  a  change  of  pressure  the  temperature  of  gas  In  the 


reservoir  is  kept  constant,  we  shall  obtain: 

Ai  niM 


(6-9) 


At  const  and  constant  pressure  in  the  reservoir  the  change  in  flow  depend¬ 
ing  on  pressure  after  nozzle  p^  is  expressed  by  the  already  above-known  equation 
(6-2). 

It  is  readily  noted  that  the  ratio  of  flow  with  a  given  oounterpressure  to  the 
critical  flow  is  equal  to: 

(6-10) 


a 


Fran  ucprtB.lon  (6-9)  it  folXomt 


After  substituting  G.lnto  equation  (6-10),  we  obtain: 
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(6-11) 


It  follows  from  this  that  with  «  ohangs  of  tho  initial  prsosura  all  points  of 
ths  ourvs  of  raduosd  flow  ar«  displaced  in  proportion  to  tQ,  l.e.,  propoxtlonally  to 
the  change  of  pressure  before  nossle, 

Consequentlo^'i  ratio  of  the  flow  0  to  maxljnuffl  oritloal  flow  can  be 

presented  depending  upon  i,  and  «v  This  dependence  is  graphically  expressed  in 
the  triaxlal  system  of  coordinates  (Fig.  6-2),  where  along  the  three  axes  there 


are  plotted 


As  a  result,  we  obtain  certain  conical  ourfaoe  each  point  of  which  determines 
the  flow  of  gas  through  ^  narrowing  nosale  depending  upon  pressures  before  nossle 
and  after  it.  The  plane  triangle  OEB,  whose  points  correspond  to  regions  of  critical 


flows  of  gas  serves  as  the  extension  of  the  conical  surface  OAB  (Fig.  6-2). 


Fig.  6-2.  Conical  surface  of  reduced  flow  rate. 

Equation  (6-11)  can  be  presented  also  in  a  biaxial  system  of  ooordlna.ss,  after 
constructing  curves  »  f(*„  for  different,  but  constant  values  Then,  we 
obtain  a  grid  of  relative  flows  of  gas,  which  is  the  projection  of  conical  turf ace 
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iCmto  plana  (q,  «).  Grid  of  flows  (Fig.  6-3)  la  rary  oonvanlant  for  a  graphic 
calculation  of  nozzlo  during  variations  of  tha  node,* 

Nuntaroua  axpariaanta  have  ahown  that  aquation  of  aurfaoe  of  flows  (6-11)  can 
ba  tiapHfiad  by  replacing  tha  accurate  formula  of  reduced  flow  q  by  an  approximate 
expraseion.  With  aubcritical  pressure  differentials  the  dependence 


can  ba  presented  as  an  ai^c  of  an  alUpaa,  whose  aquation  has  tha  form  of: 

(6-12) 

Within  tha  entire  range  of  subsonic  speeds,  this  formula  very  accurately 
approximates  the  dependence  between  q  and 
After  replacing  in  equation  (6-12) 


we  obtain:  ,  9^ 

Wi  shall  designate:  ,» _  P*  „ 

P<t  P*  P'i  n»« 


(6-13) 


Then  (6-13)  will  be  transformed  to: 


whence 


(6-14) 

• 

(6-15) 

1947. 


*A.  V.  Sheheglyayev.  Steam  turbines.  State  Power  Engineering  PubHshlng  House, 
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When  ■»  “  const,  equation  (6-15)  gives  the  relationship  since  for 

smoothly  narrowing  noz2sle  depends  only  on  physical  properties  of  the  gas  and 
is  at  k  ■■  const  s  constant  magnitude* 

In  the  study  of  a  variable  nozzle  mode  of  great  practical  Interest  is  the  char¬ 
acter  of  change  of  spectrum  of  stream  after  the  nozzle*  For  subcrltlcal  modes  of  out¬ 
flow  of  variations  of  parameters  at  the  nozzle  entry  and  exit  slightly  exert  an 
influence  on  the  shape  of  flow  after  the  nozzle* 

With  supercritical  dropa  in  pressures  the  transition  from  a  critical  speed  In 
exit  section  to  supersonic  speed  occurs  in  the  free  flow  after  the  nozzle* 

In  this  case,  the  edgo  of  exit  section  AA^  (Fig*  6-4ja}  is  source  of  disturbance 
of  sonic  flow*  After  the  exit  section  the  stream  encounters  the  pressure  of  the 
medium  p  (p  is  less  than  critical)  and,  consequently,  at  points  A  and  A.  (Fig, 

6-4, a)  pressure  varies  from  p^^to  p^.  As  a  result,  from  edges  of  nozzle  there 
are  propagated  two  waves  of  rarefaction:  AA^B^  and  A^AB,  whose  outer  boundaries  are 
the  characteristics*  The  firet  boundary  AA  is  the  characteristic,  whose  angle 

«A» 


s  second  boundary  AB  must  pass  In  the  free  flow  at  an  angle 

ill  4  X  ^  ■■■  "  —  . mm 


.rcsi*  |/ 
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Between  these  two  boundaries  are  located  the  characteristics,  whose  angles 

C 


vary  within  the  limite 
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In  reality,  however,  all  the  charaoterlstlos,  including  AB^  and  A^B,  have  a 
variable  angle  of  slope  and,  conaequently,  are  curvilinear,  since  waves  of  rarefaction 
from  points  A  and  A^  curvilinear  within  the  limits  of  the  flow  intersect.  Intitr- 
tactlon  of  the  waves  occurs  in  the  triangle  AA^D*  Besides,  characteristics, 
falling  onto  the  free  edge  AB  and  A^B^,  are  reflected  from  it  with  opposite  sign, 
and  waves  of  rarefaction  change  Into  compresslonal  waves. 

As  a  result  of  lntorBeotlon,in  the  flow  there  will  form  a  wedge  of  rarefaction 
ADA^,  the  base  of  which  Is  located  in  exit  ^section  of  nozzle.  Within  the  Hmitii  of 
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Fig.  6-A.  Dlagraa  of  spectra  of 
strasa  after  narrowing  nozzle  with 
lurirated  conditions  (  ■«!>■•  )• 

wedge  there  ocoura  a  significant  decrease  of  pressure,  which  in  this  zone  becooes 

I 

lower  than  the  pressure  of  the  sMdlun  p^. 

Since  waves  reflected  fVooi  the  free  edge  intersect  within  Units  of  the  second 

wedge  DBB.,  then  here  pressure  increases  to  value  p  in  section  BB  ;  wedge  of  rare- 
1  I  1 

faction  changes  |into  a  wedge  of  compression.  Consequent Ijr,  the  points  B  and  B^, 

the  pressure  at /which  varies  from  p^  to  p^,  also  are  sources  of  waves  of  rarefaction^ 

and  spectrum  of  stream  is  repeated.  It  is  readily  noted  that  sectors  AA,  and  BB^ 

are  equal.  At  the  intersection  with  rarefaction  wedge,  streamlines  are  deforaed, 

by  being  deflected  from  the  axle  of  nozzle:  sections  of  stream  increase,  and  the 

stream  "swells."  Within  the  limits  of  the  reflected  waves  flow  is  compressed, and 

its  sections  decrease.  Edges  of  the  streams,  symmetric  with  respect  to  the  axis, 

aeqidre  a  wavy  form. 

On  the  basis  of  discussion  it  is  possible  to  forecast  the  character  of  change 
of  pressure  along  axis  of  stream.  Within  the  limits  of  a  wedge  of  rarefaction,  the 
pressure  drops  from  p^  to  certain  value  po<p^,.  and  within  the  limits  of  wedge  the 
oompression  increases  to  p^;  farther  the  process  is  repeated.  Pressure  in  stream 
varies  by  certain  periodic  law,  close  to  sinusoidal.  The  character  of  change  of 
speeds  along  axis  of  stream  will  be  correepontflng.  the  eectione  AAj^  and  BB^ 


speods  critical.  Botwean  these  sections  the  speeds  are  supercritical,  where 
at  point  D  the  speed  will  be  maximum.  Consequently,  the  entire  region  of  stream 
is  supersonic. 

Spectra  of  stream  in  the  considered  regimes  are  maintained  qualitatively 
identical  for  twoniimenslonal  and  axially  symmetric  nozzles,  however,  in  the  last 
case  the  waves  of  rarefaction  and  compression  have  a  conical  shape.  In  an  axially 
symnetrio  flow,  therefore,  there  will  be  formed  cones  (but  not  wedges)  of  rarefaction 
and  compression.  As  the  pressure  increasea  in  the  reservoir  or  lowers  after  the 
nozilo,  the  spectrum  of  flow  gradually  is  reconstructed  (Fig.  6>4(b).  Angles  of 
waves  AB^  and  A  B  decrease,  the  height  of  wedges  ADA  and  DBB  increases  and  angles 
at  apex  of  wedges  (cones)  decrease.  Distances  between  the  sections  AA  and  BB 

X  X 

increase . 

For  an  axially  symmetric  nozzle  such  a  gradual  reconstructing  occurs  up  to 
certain  limits .  In  attaining  a  certain  ratio  of  pressures  ci  picture  of  flow  aftsr 
nozzle  varies  in  a  critical  manner. 

Owing  to  the  intense  decrease  of  pressure  of  gas  within  limits  of  a  cons  of 
rarefaction,  genatrlcea  AD  and  A^D  change  into  curved  shocks  AO  and  A^D^  (Flgt  6-5>z)t 
and  at  cone  of  flow  there  will  form  a  normal  shook  DD^,  which  terminates  the  curved 
shocks.  In  the  external  flow  the  curved  shocks  DB  and  appear.  Thus,  in  the 
flow  after  nozzle  there  appears  a  bridgs-llke  shook  ADB6  D  A  .  The  shocks  DB  and 

XXX 

^1^1  beyond  free  edge  of  flow  and  are  reflected  from  it  in  the  form  of  waves 

of  rarefaction.  The  waves  of  rarefaction  also  are  terminated  by  curved  shocks. 

At  the  intersection  of  normal  shock  DD^  speeds  of  central  part  of  stream  beccme 
subsonic,  and  the  pressure  Intensively  increases  (p'>Pm) .  In  the  transition  through 
the  shocks  DB  and  the  speeds  remain  supersonic.  Consequently,  the  linns  DE 
and  D  E  are  lines  of  the  tangential  discontinuity  of  speeds.  As  a  result  of  the 

-iL 

interaction  with  external  supersonic  flow,  the  subsonic  core  of  flow  is  accelerated, 
and  a  section  of  it  decreases  to  the  minimum  EE^,  in  which  there  will  be  attt Ined 
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a  •onl4^  spaad  (M  ■I}*  Aftar  tha  saotion  EE^  speeds  at  all  points  of  the  flow  are 

supersonic.  As  the  differential  in  pressure  further  increases, the  system  of  shocks 

gradually  is  reconstructed  (Fig.  6-5, b).  The  extent  of  the  normal  shock  Increases 

and  the  shape  of  curved  shock  which  limits  the  overexpanded  supersonic  core  varies. 

It  is  necessary  to  emphasise  that  external  parts  of  the  flow  ABFEDA  and 

correspondingly  A  B  F  E  D  A  ,  the  sans  as  the  core  ADD  A  ,  at  any 
X'lXJllx  XX 

value  Ca<*.  Thereby  will  remain  supersonic.  Subsonic  speeds  are  detected  only 
in  small  sector  within  the  flow  after  the  shook  DD^.  One  should  bear  in  mind  that 
all  above-cited  considerations  do  not  take  into  account  the  Influence  of  viscosity 
and,  in  particular,  the  interaction  of  the  flow  with  the  environment.  Spectra  of 

the  outflow  from  a  narrowing  axially 
symmetric  nossle  are  given  in  Fig.  6-6. 

Here,  there  clearly  are  seen  all  stages  in 
the  development  of  spectrum  of  stream  at 
ra<*..  Ms  note  that  the  supersonic  sectors 
of  the  spectrum  for  a  two-dimensional  nossle 
can  be  calculated  by  the  method  of  ehar- 
ioterlstlcs.  For  an  evaluation  of  quality 

Fig.  f.-5. 

Diagram  of  spectra  after  narrowing  of  nossle,  the  coefficient  of  flow  p,  , 
nossle  at  •,<*.. 

coefficient  of  speed  9,  snd  loss  factor 

are  used. 

Coefficient  of  flow  is  determined  by  the  formula 

(6-17) 

where  0  is  the  actual  flow  of  gas  through  nossle j 

Of  is  the  theoretical  flow  (in  an  isentroplo  process). 

Coefficient  of  speed  is  ratio  of  speeds  in  real  and  theoretical  proceeses: 

(6-16) 

In  Figs.  6-7  and  6-8  there  are  presented  coefficients  and  f  for  narrowing 
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Fig*  6>7«  Flow  eoofflolinta  «nd  ootfflolonis 
of  tpood  Y«  for  oonloftl  ond  proflltcl  noitliii 


Inorotiii  in  tho  diffir«ntl«l  ofproesuroi  and  daoraasa  of  angla  of  oonloltjr  tha 
•Mffiolant  of  flow  iiiaraaaas.  An  analogous  raault  is  obtalnad  also  for  a  profllad 
lUNialo*  KewTtrf  itartaui  In  tha  Uttar  oasa  eorraspond  to  nsar-orliioal  spaada, 
Tha  abaolutf  vaUii  af  obtalnad  ara  hlghar  for  a  proflUd  noaila.  At 
•urns  In  Fig*  ^7  rtf Uet  not  onU  tha  Influanoa  of  eaaprasslbllitFf  but  also  that 
af  tha  hoTnolda  nusbar  (Fig.  6-8). 

Coafflolant  af  apaad  of  oonloal  noaalaa  varlas  littu  dapandlng  on  tha  angla 
af  ooniaitj.  In  a  wlda  ranga  of  \  tha  aaan  valua  f,  asnunts  to  0.97*  For 


Fig*  6-8.  Influanoa  of  Ra  inasbar  on  ooafflolant  of  flow 
In  narrowing  noasla. 

noaslaa*  profllad  bp  fomiU  (6-7)*  tha  Taluss  <?,  obtained  ara  hlghor  ( 7«  *  0«96!i  ' 
ta  0,99). 


6 


A  aarkad  Influence  of  ratio  of  aactlonsj  angle  of  conlclty  and  la  explained 
by  the  change  In  atructure  of  flow  In  atream  after  noaele. 

with  an  increase  of  frictional  losses  decrease  in  nossle,  but  at  the  same 

F» 

tine  field  of  flow  at  the  exit  beocc»3more  nonunlfom.  Analogously,  also,  the  increase 
In  angle  of  conlclty,  with  vdiose  increase  the  field  of  flow  at  the  exit  acquires  are 
increasingly  greater  nonuniformity,  exerts  an  Influence, 

As  example  of  the  application  of  grid  of  flows  let  us  consider  the  flow  of  gas 
In  system  of  consecutively  connected  nossles.  Suppose  in  a  tube  there  have  been  fixed 
2,  narrowing  nossles  with  an  Identical  area  of  exit  seotlon  (Fig.  6-9).  We  assume 
that  the  diameter  of  tube  Is  much  larger  than  the  diameter  of  the  nosslt  {  speed  of 
gas  in  the  tube  can  be  Ignored. 

With  the  outflow  through  each  nosale  the  gas  expands  and  Its  speed  increases. 

In  intermediate  chamber  the  process  of  conversion  of  kinetic  energy  Into  heat  takes 
place.  In  considered  diagram  of  the  apparatus  there  Is  realised  a  complete  trans¬ 
formation  (complete  extinguslshlng)  of  kinetic  energy.  The  flow  of  gas  loses  speed 
owing  to  the  interaction  with  particles  in  chamber,  and  also  to  Impact  against  wall 
of  following  nosale. 

Tho  process  of  extlnguslhlng  the  kinetic  energy  In  apparatus  is  Isobarlc.  The 

state  of  gas  at  entry  into  nossles  Is  characterised  by  condition  1„^  ■■  const  or  T  ■■ 

01  o 

const  (Fig.  6-10). 


Fig.  6-9*  Diagram  of  nosale  appar-  Fig.  6-10,  Diagram  of  prooeiis  In 

atus  with  complete  extlngushing  of  thermal  diagram  of  nossle  apiiartua. 

the  speed  In  Intermediate  chambers. 

A  characteristic  peculiarity  of  process  in  a  nossle  apparatus  Is  the  i.iorease 
of  entropy  In  the  Intermediate  chambers. 


tlM  oaloulAtion  of  •  notilt  apparAtut  it  rttlistd  hy  Mtnt  of  tquatlont  (6»3) 

i  ‘ ■  ' '  •' 

I 

and  (6-12).  In  eonaldarlng  that  th«  flow  for  all  nozalaa  will  be  identicali  from 
the  indicated  equation!  we  readily  obtain: 


(6-19) 


Here  q  it  the  reduced  flow  thik'ough  flrat  notale; 

•ii 


Pit 
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p^  it  the  preiaxare  of  atagnation  rttpeotlvely  before  and  after  firat  noaelti 
after  noMle  (n— 1}  and  after  the  apparatua) 

„  .^1" !■  the  ratio  of  the  preaeurea  in  noaale  n  and  e. 

Aim  ■  Aim 


*  Poti  '  ’*  Poic 

The  Talue  •.  i.a  determined  by  formula  (6-19)  t 


(6-20) 


Hence  we  conclude  that  alnce  ,  then  ,  For  each  aubaequent 

noBile,  the  ratio  of  the  preaeurea  will  be  leae  than  for  the  preceding.  In  accord¬ 
ance  with  thla  the  dimenalonleaa  apeeda  along  noiile  apparatua  will  inoreaae 

and|  oonaequentlyi  the  critical  epeed  (X^  i)  will  be  nanifeated  in 
the  laet  nozzle  (irreapeotive  of  whether  a  complete  or  partial  extin- 
guahlng  of  kinetic  energy  taken  place  in  intermediate  chaadoera)  if 

where  ty,  la  the  critical  ratio  of  preaeurea  for  the  noezle  apparatua. 

The  aanio  conclualon  can  be  reached  from  aimple  phyaloal  oonalderationa .  Actual¬ 
ly,  with  a  drop  in  preaaure,  alao  the  gaa  denaity  dropa.  But  ainoe  the  exit  aeotlona 
of  noBilaa  are  identical,  then  in  order  that  the  gaa  flow  remain!  oonatant,  it  la 
neoeaaary  that  in  each  aubaequent  noaale  the  apeed  Inoreasoa.  Obvioualy,  the 
Buodaum  apeed  will  be  eatabliahed  in  the  laat  noaale. 

From  equation  (6-19)  for  laat  noaale  it  may  be  obtained  that  at 

* 
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'ft  erlticftl  ratio  of  the  pressures  for  nozsle  apparatus  will  be: 


(6-21) 


iihere  q  Is  the  reduoed  flow  through  first  noBiIa  during  a  oritloal  outflow  from 
the  last. 

For  each  noiile  at  *(h,  *■  eonstf  it  Is  possible  to  plot  the  curves  q  "  q( «  ) 
(Pig.  6-3).  The  lUie  of  critical  flows  la  determined  by  equation  (6-21)  (line  OB 
in  Fig.  6-3).  ' 

It  should  be  emphasised  that  formula  (6-21)  la  completely  equivalent  to  formula 
(5-19)i  obtained  for  a  tube  of  constant  seotlon.  Hence  it  nay  be  oonoludedf  regard¬ 
less  of  the  dependence  on  physical  peouliaritles  of  motion  of  gas  (without  an  energy 
exchange  with  environment),  but  aoocmpanled  by  an  increase  In  entropy,  the  limiting 
mode  of  this  motion,  considered  within  the  frames  of  a  one-dimensional  diagram, is 
described  by  identical  equations* 

By  means  of  the  diagram  in  Fig*  6-3  it  is  possible  to  solve  the  following 
problems  t 

1.  If  there  ars  given  the  reduced  flow  of  gas  and  number  of  nossles  In  appara¬ 
tus  s,  then  one  can  determine  .y,  ,  and  also  iom  dnd  ,  l.e.,  establish  the  dis¬ 
tribution  of  pressures  in  nossles. 

2.  The:^  can  be  found  number  of  nossles,  if  the  flow  £  and  relative  pressure 
after  last  nossls  are  known. 

3.  For  the  known  value  q^  one  can  determine  the  oritloal  ratio  of  pressures 
t,),  and  the  number  of  nossles  s* 

tet  us  consider  oorrespondlng  examples* 

Let  us  assume  that  number  of  nossles  s  ■  4,  and  the  reduced  flow  q  ■•0,5. 

X 

At  the  interseotlon  of  line  q^^  "•  0.5  with  the  curve  q  ■■  q(  •  )  for  first  nosvle  we 

shall  find  the  point  b^,  which  determines  *,  .  The  curves  b^'b^  will  give  the 

same  dependence  for  the  second  nossle.  Consequently,  at  the  point  b'  we  obtain 

2 


w  shall 


r  •(w After  this  eonstruotlon  up  to  point  b'  , 

dstsrmiiv^  ♦!.»#  rslativs  pressure 

2,  Suppose  the  flow  >  0.5  ui>fi  the  ratio  of  pressures  r,,^  -  0.69  are  given. 

Then  the  original  point  in  grid  of  flows  vill  be  the  point  b  at  the  interseotion 

5  . 

of  the  line  q^  <■  0.5  of  the  arc  of  ellipse  ■■  O.69.  By  shifting  along  this 

line  up  to  axis  t  and  then  along  the  vertical  to  line  q  ■«  0.5|  successively  we  find 

JL 


Fig.  6«11.  Critioal  ratios  of  pressures  for  nossle 
apparatus  depending  on  number  of  nosales  s  for  dif¬ 
ferent  values  of  Ij,  ” 

the  points  b'^,  b^i  b'^«  b^^etc.^up  to  point  b^.  The  number  of  vertical  lines 
b'^,  ^'3'  ^^**^°*>^*  equal  to  the  number  of  noasles  of  apparatus  a. 

3.  Ms  shall  now  find  the  number  of  nossles  at  q^  »  0*5>  oorrsspondlng  to 
critical  mode  of  nossle  apparatus  .  After  determing  on  line  OB  the  point  b^, 

eorresponding  to  the  critical  speed  In  the  last  nosale,  we  find  the  line 
passing  through  this  point,  and  further  in  succession  we  determine  distribution  of 
pressures  and  the  number  of  nossles  £  Just  as  in  the  preceding  case. 

Being  given  different  values  of  q^  by  (6-21),  we  find  corresponding  values 
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of  «o.  andj  «ftei‘  &.olv'  g  problem  3  by  the  above  described  method,  we  determine  the 
number  of  nos&lea  In  a  critical  regime  of  nozzle  apparatus. 

Resulta  of  auoh  oaloulatlona  are  presented  in  Fig.  6-11,  where  we  plotted 
the  'u.  depending  on  a. 

Of  great  praotloal  interest  also  la  the  possibility  of  determining  the  flow 
of  gas  through  the  noaale  apparatus  with  and  a  given*  Such  a  problem,  however, 
la  solved  sliq>3y  only  in  that  ease  when  the  noasle  apparatus  operates  in  a  oritloal 
mode  (  .•oA<'ci,  )  with  the  total  extinguishing  of  kinetic  energy  in  intermediate 
ohembers.  In  this  case  from  graph  in  Fig.  6-11  we  find  oritloal  ratio  of  pressures 
•o.  for  a  given  number  of  nosalss.  The  oagnltude  of  the  reduced  flow  can  be 
determined  by  the  formula  (6-21)  or  by  Fig.  6-3  (straight  line  Afi). 

Ms  note  that  curves  in  Fig.  6-11  satisfy  the  equation 

.. 

6-3.  Outflow  of  Gas  From  Anerture  vflth  Sharp  Edge. 

Critical  Ratio  of  Pressures 

Theoretical  investigations  and  esqperiment  detect  certain  new  properties  of 
flow  of  gas,  flowing  out  of  aperture  with  sharp  edge. 

Theoretical  solutions  of  this  problem  have  been  given  in  olasslcal  works  of 
N«  Te«  29ivikov8kiy  and  S.  A.  Chaplygin  both  for  low  speeds,  and  also  for  speeds 
eosgaensurate  with  the  speed  of  sound.  A  subsequent  development  of  method  of 
8.  A.  Chaplygin  in  reference  to  outflow  frca  aperture  with  sharp  edge  was  made  by 
F.  I.  Frankl  for  the  region  of  sonic  and  supersonic  speeds. 

During  outflow  from  narrowing  noasle  the  smooth  profile  of  the  walls  assures 
gradual  expansion  of  the  flow  and  determines  the  shape  of  the  streamlines.  The 
developing  radial  components  of  the  speeds  decrease  during  flow  through  notisle  and 
townrds  exit  seotlon  vanish.  The  flow  in  exit  section  has  a  uniform  field  of 
speeds.  With  a  supercritical  differential  of  pressures  the  exit  section  oi'  nossle 


;eolnold«8  with  orltletl. 

I  ,■  I  il  \  ■  I 

Outflow  from  aportiiro  with  sharp  edga  occurs  otherwise  (Fig.  6-12 )»  In  the 
vessel  at  a  sufficiently  large  distance  from  the  aperture  the  speed  of  gas  is  equal 
to  sero,  and  the  pressure— p^.  After  aperture  there  is  oaintained  a  pressure 

Pit^POt 

Near  the  aperture  to  the  left  speeds  of  the  gas  intensively  increase,  tho 
flows  of  gas  contracts  and  are  distorted.  The  flow  of  gas  is  separated  from  sharp 
edges  of  aperture  and  then  moves  as  a  free  stream. 

The  spectrum  of  the  stream  in  aperture  shows  that  curvature  of  various  stream¬ 
lines  are  found  to  be  different.  Most  distorted  are  the  streamlines  along  the  edge 
of  stream,  and  the  least  distorted— streamlines  near  the  axis.  Therefore,  the  speeds 
in  the  outer  streamlines  will  be  greater  than  the  speeds  at  the  core  of  stream. 

At  exit  of  the  aperture  there  is  established  nonuniform  distribution  of  speeds  and 
pressures.  The  Irregularity  of  the  flow  is  increased  by  the  effect  of  viscosity. 

Zt  is  readily  seen  that  the  stream  will  carry  after  itself  the  gas  of  environment 
end  will  be  etegneted.  The  average  speed  of  the  etreem  will  deoreaee,  end  Its 
cross  section  will  Inorease.  The  washlng-away  of  the  etreem  starts  directly  from 
the  edges  of  the  aperture.  However,  it  proceeds  fairly  gradually.  On  thia  basis 
it  la  possible  to  use  following  idealised  diagram  of  an  outflow  through  the  aperture, 
we  essume  the  gas  as  perfect,  and  the  motion— Irrotatlonal. 

On  sharp  edges  A  and  B  there  will  occur  e  seperatlon.  Since  vs  assume  that 
friction  is  lacking,  then  there  will  be  no  mixing  of  surrounding  gas  Into  the 
stream.  Consequently,  to  the  right  of  aperture  there  will  form  two  regions:  a 
free  stream  and  motionless  gas  with  a  pressure  p^.  Since  the  pressure  at  the  edge 
of  etreem  la  constant,  then  it  le  obvious  that  speed  on  the  edge  also  is  constant. 

The  problem  on  determining  the  shape  of  such  a  etresm  end  outflow  of  gee 

►  i  I 

through  aperture  was  solved  in  the  olasalcal  vork  by  S.  A.  Chaplygin,  "On  Gas  Jets," 
S.  A.  Chaplygin  considered  ceea  of  two-dlmensionel  stream,  when  the  ratio  of  the 
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pr«stxir«s  .  is  gr«At«r  than  tyio  orltloal  or  elosa  to  it.  In  thla  caa«^ 

■troam  has  ahapo  illustrated  in  Fig.  6-32  a.  The  stream  oontlnuously  narrows  down 
where  the  roaxiinum  oonstraetion  takes  plaoe  at  an  infinite  distance  from  the  aperture. 
If  (,=■.>  then  on  the  edge  of  the  stream  the  speed  of  flow  is  equal  to  the  critioal. 
Within  the  stream  the  speeds  are  lower  than  the  critical.  With  distance  from  aper» 
ture,  the  curves  of  the  speeds  level  off  and  at  a  certain  finite  distance  from 
aperture  the  speeds  in  stream  become  equal  to  the  speed  at  the  edge«  where  the 
leveling-out  of  the  field  occurs  due  to  compression  of  stream  and  acceleration  of 
core  of  flow.  The  stream  contraction  which  forms  la  characterlzsd  by  coefficient 
of  the  contraction)  which  is  determined  as  the  ratio  of  minimum  width  of  stream 
to  width  of  aperture  (two-dimensional  problm). 

Thus,  at  «,=:••  the  orltloal  speed  is  detected  at  the  edge  of  stream  and  in 
the  cross  section  at  a  finite  distance  from  the  aperture*  The  line  of  the  critical 
speed  for  euoh  a  mode  of  flow  is  shown  in  Fig.  6-12, b.  With  a  subsequent  lowering 
of  oounterprassure  (*«<*•),  the  stream  becomae  supersonic. 

The  transition  through  speed  of  sound  is  rsaliaad  on  ths  line  of  sonic  speeds 
ANB,  which  goes  from  edges  of  aparture  and  Juts  out  into  the  stream  in  the  form 
of  a  "tongue'*  (Fig.  6-12,  o)« 

Consequently,  at  •„<*.  the  speotrum  of  the  stream  is  reconstructed.  Line  of 
sotilo  speeds  (line  of  transition),  which  coincided  at  with  edge  of  stream 

and  minimum  aeotlon,  as  decreases,  is  deformed  and  approaches  the  exit  section  of 
aperture.  To  the  right  of  transitional  line  the  flow  is  supersonic.  Deformation 
of  line  of  transition  is  explained  by  the  rebuilding  of  the  field  of  speeds  in  exit 
section  Afi  and  in  the  exit  eection,  aseoclated  with  the  change  of  curvatxire  of 
boundary  streamlines. 

Within  the  "tongue"  the  speeds  are  eubsonlc.  The  character  of  the  deforroatlon 
of  line  of  transition  attests  to  the  fact  that  supersonic  speeds  will  be  attained 
at  first  in  the  external  part  of  stream  (on  boundary  and  near  it),  and  later  at 

■  ’  '  f 
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th®  coro  »riiich  completely  corresponds  to  the  distribution  of  speeds  in  the  cross 
section  of  the  stream.  The  edge  of  stream  expands.  The  deformation  of  the "tongue" 
during  change  of  *aWill  occur  as  long  as  lines  of  mak  disturbances  (characteristics)^ 


outgoing  from  the  edges  AE  and  idll  fall  onto  the  line  of  transition  AND. 

Angles  of  characteristics  vlth  decrease  in  decrease  (Fig.  6-12, o). 

Consequently!  the  deformation  of  line  of  transition  with  a  decrease  in  will 
not  bo  infinite.  There  exists  such  a  value  of  the  external  pressure  o  .  at  which 
the  line  of  transition  occupies  a  stable  position i  a  subsequent  lowering  of  the 
pressure  of  the  environment  no  longer  results  in  its  deformation.  This  mode  corre¬ 
sponds  to  such  an  angle  of  the  first  oharacteristios,  emanating  from  points 
A  and  B>  with  which  they  touch  the  line  of  transition,  but  do  not  Intersect  It  (Fig. 
6-12, d).  Pressure  p  P.  I.  Prankl  oallod  the  second  critical  preesuro.  The 
corresponding  ratio 


we  shall  call  the  second  oritloal  ratio  of  pressures.  . 

Characteristic  peculiarities  of  a  stabilised  line  of  transition  are  the  sectors 
lying  within  the  nossle  near  the  points  A  and  B  (Fig.  6-12, d), which  shjiw  that  along 
the  edges  of  aperture  from  the  direction  of  reservoir  the  speeds  already  are  super¬ 
sonic.  In  addition,  at  t^  =  i,.the  line  of  transition  in  stream  occupies  nearest 
position  to  aperture. 

In  accordance  with  picture  of  flow  being  reconstructed  (depending  on  (,)  the 
flow  of  gas  through  aperture  varies,  Ws  shall  call  the  coefficient  of  flow  of 
aperture  t^ora  >  ratio  of  the  actxial  flow  through  aperture  to  the  flow  of  gas 
through  a  narrowing  nossle,  having  the  same  area  of  cross  section  at  exit  with  one 
and  the  same  differential  of  pressures. 

Values  of  coefficient  of  the  flow  at  «,>t, ,  calculated  by  S,  A.  Chaplygin  for 
air,  are  presented  in  the  first  five  columns  of  Table  6-1.  For  an  lncompr<issible 
fluid  -  0.63. 

Above  It  was  indicated  that  the  maximum  flow  for  a  nossle  takes  place  'dth  a 
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erltleal  eountarprasBure  and  Bubsaquent  lowaring  of  eounterpreBBure  does  not  axart 
an  influence  m  the  flow.  During  outflow  from  apertwe  owing  to  change  in  shape 
of  the  line  of  trunaition  at  the  flow  of  gas  will  increaise  as  long  as  •,  >«„ 

Table  6~1 


...6 

p» 

0,67C 

0,641 

0,606 

0.559 

0,529 

0,037 

0,680 

0.700 

1  0,710 

0,730 

0,740 

0.850 

decrease  in  counterpreasure  does  not  exert  an  influence  on  the 


shape  of  line  of  tranaition  and,  conBequantly,  on  the  flow  of  the  gas.  If  the 
external  pressure  is  equal  to  the  second  critical  pressure,  then  coefficient  of 
flow  has  a  maximun  ralus. 

Values  of  the  coefficient  of  flow  j*;,,  and  of  the  second  critical  ratio  of 
pressure  for  apertures  of  different  shapes  are  presented  in  Table  6-2. 

In  Fig.  6-13  there  are  presented  curves  of  the  relative  flow  through  a  nai'row- 
ing  nozsle  and  through  an  aperture  with  a  sharp  edge  with  identical  area  of  cross 


Wg.  6-13.  Change  of  flow  of  gas  through  noszle 
and  aperture  with  a  sharp  edge  with  identical  area 
of  cross  section  (k  »=■  l.A) 

IBT:  a)  Nozzle;  b)  Aperture. 
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nST:  a)  Shape  of  apertm;  b)  Second  critical  ratio  of  pressiirese 
c)  Coefficient  of  flowM^-rs  S  d)  Air;  e)  Ibter  rapor  (siq)er}ieatod) 
f)  Air;  g)  Ifcitar  Tapar(8tqierheated}. 


Motion  doponding  on  for  mlr.  In  both  cmob  the  flow  ie  releted  to  the  orltloal 
flow  through  the  nosBle. 

Mi  ehell  eitibllih  now  the  ohape  of  curve  of  relationship  for  an 

aperture  with  a  sharp  edge.  The  oaxinum  flow  of  gas  through  aperture  can  be 
calculated  by  the  fomula 

^-*“(*11)  ”  (6-23) 


where  P  is  the  area  of  aperture; 

is  the  coefficient  of  flow  through  aperture  at%~a^; 

Pt,  Tt  *<*0  parameters  of  the  gas  in  the  reservoir  at  a  significant  distance 
from  aperture  (parameters  of  stagnation). 

The  flow  of  gas  through  aperture  at  an  arbitrary  can  be  found  by  the 
equation  , 

■/  (6-24) 


Ms  shall  designate  the  reduced  flow  through  aperture  with  sharp  edge 

I 

Then  the  flow  through  aperture  / 

0=  =  (gjrrf^  y'  ^  (6^4a) 

The  formula  for  the  reduced  flow  of  gas  q^  on  the  basis  of  equations  (6~23) 
and  (6^4)  acquires  such  a  fora:  , 

(6-25) 

Values  of  coefficients  of  flow  and  may  be  taken  from  Tables  6-1 
and  6-2. 

There  may  be  obtained  a  simple  approximate  expression  for  q^,  aseu&iing 
that  the  dependence  q^  on  at«,^«,.ls  described  by  the  equation  of  elllpae: 

(6-26) 

or 

=  (6-27) 
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A  coo^rison  between  accurate  and  approodmate  solutions  shows  that  equation 
of  ellipse  with  a  great  degree  of  acotxracy  describee  the  dependence  of  the  reduced 
flow  on  for  an  apertxure  with  a  sharp  edge»  the  saaie  as  for  a  narrowing  nossle. 
The  difference  consists  only  in  the  fact  that  in  the  ease  of  an  nossls  a  maxifflum 
flow  will  be  attained  with  the  first  erltloal  ratio  of  pressures  •.  ,  and  In  the 
case  of  an  aperture  >dth  the  second  critical  ratio  of  the  pressures  . 

Hence  it  follows  that,  the  effect  of  the  shape  of  aperture  on  the  flow  may  be 
evaluated  by  an  appropriate  selection  of  the  second  critical  ratio  cf  pressures  since 
it  should  be  expected  that  the  elllptlo  relationship  will  be  accurate  for  any 
configuration  of  the  walls  if  it  is  acetirate  for  the  two  extrene  cases:  nosales 
and  apertures  with  sharp  edges. 

Experiments  made  for  the  purpose  of  determining  the  flow  of  air  and  superheated 

vapor  through  apertures  of  different  shape,  confirm  the  elliptic  dependence  q  on 

o 

% «  For  a  superheated  water  vapor,  second  critical  ratio  of  pressures  according 
to  experimental  data  amounts  to  0.13  (Table  6-2) .  Consequently,  with  a  de¬ 
crease  in  k  (coefficient  of  Isentropy)  the  earns  as  t.  increases.  Hence  it  may 
be  concluded,  that  a  change  of  the  physical  constants  of  gas  exerts  an  influence 
on  in  the  same  direction  as  on  i,  .  This  conclusion  is  clearly  corroborated  by 
the  data  presented  in  the  Table  6-2. 

Thus,  we  see  that  properties  of  a  stream,  flowing  from  a  reservoir,  vary  con¬ 
siderably  depending  on  the  character  of  the  distribution  of  parameters  in  the  cross 
section  of  stream.  With  a  nonuniform  distribution  of  parameters  of  the  flow  there 
are  ascertained  new  properties, and  the  equations,  describing  the  outflow  of  a  uniform 
stream,  prove  to  be  inapplicable. 

No  note  that  the  dimensions  of  the  chamber  from  which  the  stream  flows  exerts 
a  certain  influence  on  the  spectrum  of  stream  after  aperture.  The  theoretical 
dependence  of  coefficient  of  contraction  of  two-dimensional  stream  on  dlmensjons  of 
the  chamber  and  speed  in  the  minimum  section  according  to  G.  A.  Dombrovskjy,  is 
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pir«s«nt«d  In  Fig*  6»14«  Tho  curves  show  that  with  an  Inoraass  of  ^  (with  an  in- 
oreasa  rolativa  to  dijusnsion  of  aperture)  and  the  coefficient  of  contraction 

increases.  Influence  of  ~  is  reflected  peroeptibly  only  at  >0.3. 

*0 

For  calculating  the  aperture  or  slot  at  different  initial  and  finite  pressures 
it  is  possible  to  use  the  method,  described  above  for  a  noaale.  By  proceeding  from 
the  condition  of  constant  temperature  in  the  reservoir,  we  construct  a  grid  of 
relative  flows  of  gas  through  the  aperture,  each  curve  of  which  —  corre¬ 
sponds  to  a  constant  initial  reletl.vo  pressure  i  . 


Pu 


Fig.  t-14*  The  dependence  of  coefficient 
of  contraction  of  a  two-dimensional  stream  on 
dimensions  of  chamber  and  speed  in  mini¬ 
mum  section  according  to  G.  A.  Dombrovskiy. 


Calculation  of  Supersonic  Nossle 

Supersonic  nossles  (Laval  nossles)  are  used  for  creating  flows  of  gas  with 
supersonic  speeds.  These  nossles  are  used  as  one  of  chief  elements  of  Jet  engines, 
also  in  steam  turbines,  ejectors  and  other  apparatuses. 

An  analysis  of  one-dimensional  flow  has  shown  that  a  flow  with  supersonla 
speed  can  be  obtained  in  a  tube  with  minimum  section,  if  in  this  section  there  will 
be  attained  a  critical  speed.*  In  accordance  .with  this  the  Laval  nossle  is  a  tube 


considered  the  particular  case  of  an  adiaUtic  motion  of  gas  in  a  tube 
*  jnergy  exchange  with  the  env^onment.  In  a  general  case,  the  condition  of 
a^nlmum  of  a  section  is  not  necessary  for  a  transition  into  a  ragiop  of  supersonic 
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of  Tarlable  section,  consisting  of  two  parts.  Tho  spaed  of  the  gas  flowing  through 
a  normalljr  operating  Laval  noxsla  continuously  Increases,  whore  in  the  narrowing 
part  of  nossls  the  speed  Is  subionlo,  and  in  expanding  portion  Is  supersonlo 
(Fig.  6-15)* 

An  elsMntary  calculation  of  aupersordc  noaalee  is  node  tqr  the  equation  of 
continuity,  where  there  should  be  given  the  parameters  of  gas  before  noisle,  the 


Fig.  6-15*  Laval  noesle. 
flow  of  gas  and  the  speed  of  flow  in  exit  section. 

By  ignoring  the  effect  of  friction,  it  may  be  assumed  a  critical  speed  la 
In  the  nlnlnum  section  of  nosale .  The  dimensions  of  this  section  are  determined 
by  the  equation  (6-5 )( 


The  exit  section  Is  calculated  by  the  formula 

r  _ _ a, _ 

m': 


r=T 


(4-38) 


Intermediate  sections  of  nossls  can  be  determined, depending  on  the  speed  or 
ratio  of  pressures  from  formula  for  a  reduced  flows 


r+i'j  ' 


(6-29) 


where  F  is  the  intermediate  section; 

land  •  are  the  speed  and  relative  pressure  (  )  corresponding  to  thin  section. 

If  there  is  given  the  distribution  of  spesds  or  pressures  along  the  axis 
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cX  nosile,  then  fonmila  (6-^9)  detemineB  the  profile  ot  nossle.  However,  such  * 
ealeulatlon  of  the  intermediate  eectiona,  and  Indeed  the  profile  (ehape)  of  noesle 
is  apprdoclaate  and  cannot  assure  a  given  distribution  of  the  pressures,  since  the 
speed  in  the  section  is  not  constant  either  in  magnitude,  or  In  direction,  and, 
conseqiuently,  flow  is  not  onendimensional. 

In  eases,  when  it  is  important  to  obtain  only  *  given  average  speed  at  exit  of 

nosile,  and  the  character  of  distribution  of  speeds  along  the  section  are  not  of 
great  importance,  intermediate  sections  of  noasle  are  not  calculated  and  for  simpli** 
city  in  manufacturlnfl^  both  as  the  narrowing,  and  also  the  expanding  parts  are  made 
conical.  In  the  narrow  section  and  moreover  at  the  exit  the  field  of  speeds 

I 

are  nonuniform* 

In  certain  cases  for  decreasing  the  non-uniformity  of  the  field  of  speeds,  the 
narrowing  part  of  nosile  is  calculated  by  the  Vitoehinskiy  formula  (6-7),  and 
aperture  angle  of  conical  expanding  part  la  chosen  small  (up  to  12'*).  Sxperlenos 
shows,  however,  that  these  meaiures  are  not  always  adscjuate  for  obtaining  of  ths 
required  field  of  speeds. 

Ths  best  results  oan  be  obtained  by  using  a  shaped  nossle  ,  whose  expanding 
part  is  caloulatsd  by  method  of  charaoteristios.  Considering  a  two-dimensional 
noasle  and  disregarding  Influence  of  friction,  we  assume  that  all  parameters  of  flow 
remain  constant  along  llnss,  normal  to  flat  walls.  Let  us  assume  that  in  nai'row 
section  of  the  nossle  AA'  flow  has  a  uniform  field  of  speeds  M  1  (Fig.  6-16). 

For  accelerating  the  flow,  having  In  section  AA'  a  orltloal  epeed,  it  is 
necessary  to  snlargs  ths  section  of  nossle.  For  this  purpose  we  shall  change  the 
direction  of  the  wall  AA^^  and  correspondingly  A'A'^  by  a  small  angle  frcm  axis  of 
nossle  Then  at  points  A  and  A'  there  will  develop  weak  waves  of  rarefaction. 

At  the  intersection  of  these  waves  the  flow  is  accelerated  and  acquires  a  speed 
Xi,7,  which  one  oan  determine  by  metiie  of  diagram  of  ohoraoteristlos  (Fig.  6-16, b) 
or  by  means  of  tables. 

The  state  of  the  flow  in  the  orltloal  section  AA '  in  the  diagram  of 


3?2 


ehairacterlaticB  Is  expressed  by  the  point  on  the  circle  Asr-.l.  The  speed 

of  the  flow  in  region  1  Is  detemlned  at  the  point  1*  on  the  epicycloid  A'^l*  if 
we  draw  a  half-line  from  the  origin  of  the  coordinates  at  an  an{;le  of  g,  to  the 
direction  of  nossle  axis  Point  2'  which  corresponds  to  region  2  of  the  flow  is 
eynnetrloally  situated.  Through  points  1*  and  2'  passes  the  circle,  corresponding 
to  the  speed  . 

The  continuous  expansion  of  the  gas  In  stationary  waves  of  rarefactiori,  Appear¬ 
ing  at  points  A  and  A',  can  replaced  by  drawing  from  these  points  the  sound 
waves  AK  and  A'2  at  an  ar)glea^,-{--^to  the  direction  of  axis  of  nossle  (  is  the 
angle  of  sound  wave,  corresponding  to  speed  of  flow  in  region  1). 

In  diagram  of  oharaotsristlca  wo  shall  find  the  point  S',  corresponding  to 
deflection  of  flow  by  an  angle  -y  ,  and  we  shall  determine  the  magnitude  of  speed 
oorrespondlng  to  the  direction  of  sound  wave  AS'. 

In  the  transition  from  regions  1  and  2  into  region  3,  the  streaailinss  Intersoot 
the  waves  ES^  and  (flow  is  accelerated}  and  are  turned  by  an  angle  of  iS,  to  the 
axis  of  nossle.  Consequently,  in  regions  3  the  speeds  of  flow  have  a  direction, 
parallel  to  the  axis.  In  the  diagram  of  oharaoterlstlos  there  is  readily  determined 
point  3 ' j  oorrespondlng  to  this  region  of  flow. 

At  points  A^  and  A'^  (Pig.  6-l6,a)  the  walls  of  the  nossle  again  change  in 
direction  by  an  angle  of  .  In  the  transition  to  regions  4  and  $  the  flow  is 
accelerated  and  acquires  a  speed  •  Analogously  there  can  be  found  the 

magnitude  and  direction  of  speed  in  regions  6,  7,  S^et  cetera,  and  also  direotlons 
of  the  sound  waves,  which  are  boundaries  of  these  regions. 

As  a  result  of  a  auoosuslve  change  in  direction  of  walls  of  nossle  thei‘e  will  be 
formed  two  stationary  waves  of  rarefaction  of  finite  intensity,  during  trannltlon 
through  which  ths  flow  expands  end  attains  given  value  of  the  speed. 

Tim  speed  A|(M|)  will  be  attained  within  limits  of  sons  of  intersection  of  waves 
of  rarefaction  in  the  sector  HL.  After  last  oharsoterlstlc  LQ,  angle  of  sloj;))  of 
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whloh  Is  sciusl  to 


tloH  nust  hsve  s  uniform  flsld  of  spssdsj  tt  ssoh  point  of  which  tha  speed  is  equal 
to  All  the  streamlines  to  the  right  of  LQ  must  bo  parallel  to  axis  of  nossle. 


Fig*  6«l6.  a)  Speotrtna  of  waves  of 
rarefaction  in  a  shaped  Laval  nossle 
and  b)  Construction  of  process  in  a 
diAgram  of  oharaoteristios. 


It  follows  from  t^Liu  that  each  sound  wave  from  opposite  wall,  going  out  beyond  the 
limits  A|jL,  must  be  extinguished  by  a  corresponding  change  in  direction  of  wall  at 
an  angle  equal  to  the  angle  of  deflection  of  flow  in  such  a  wave*  Starting  from 
the  point  A^,  wall  of  nossle  changes  dlreotlctn  in  such  a  manner  that  the  waves 
NS,  PF,  et  cetera,  incident  to  it  are  not  refLeoted. 

Thus,  in  the  first  sector  the  walls  of  nossle  change  in  direction  with  respect 
to  axis  of  nossle,  and  in  the  second  sector,  where  waves  from  the  opposite  wall  are 
ext.lngulshed,  the  slope  of  wall  gradually  decreases  and  at  the  point  Q  di>»0. 

At  the  limit  of  decrease  of  ho  ,  broken  wall  AA^y  changes  Into  a  emoothly  curved 
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Nsar  the  narrow  section,  where  the  speed  of  flow  insignificantly  exceeds  the 
critical  speed,  the  accuracy  of  the  calculation  by  the  method  of  characteristics 
of  first  section  of  nossle  Is  inadequate,  especially  if  calculating  value  of  ?.i 
la  small. 

The  selection  of  profile  of  wall  therefore  Is  made  by  starting  from  a  certain 
Initial  section,  where  flow  already  possesses  a  supersonic  speed.  The  distribution 
of  speeds  in  initial  section  should  be  known. 

In  certain  oaaee  initial  section  of  nossle  le  made  conical.  Angle  of  oonioity 
Y«  ie  selected  depending  upon  the  given  value  of  and  amounts  to  half  of  the 

maximum  angle  of  deflection  of  flow  with  an  increase  of  speed  from  >.<"  1  to  >.\  . 

Also  widely  used  are  the  analytical  methods  of  oaloulatlng  supersonic  nosalss, 
developed  by  3.  A.  Khrlstlanovloh  and  others. 

The  methods  of  calculating  and  profiling  supersonic  nossles  do  not  take  Into 

/ 

consideration  the  Influence  of  viscosity.  On  wall  of  nossle  there  will  form  a 
boundary  layer,  the  thickness  of  which  increases  along  the  length  of  nossle.  Let 
ua  note  that  in  acooklanoe  with  oonoluslons  of  Chapter  5  Influence  of  friction 
results  in  the  displacement  of  critical  section,  whloh  la  displaced  to  the  expanding 
section  of  nossle. 

Boundary  layer  on  walls  causes  a  certain  redletrlbutlon  of  speeds  and  pressures 
of  ths  flow  along  the  walls  and  a  displacement  of  oharaoterletlo  lines*  The  actual 
speeds  and  pressurss  In  different  sections  and  at  ths  exit  of  nossle  will  differ 
from  the  calculated  values. 

For  obtaining  a  given  distribution  of  speed  and  calculated  value  l|  it  ie 
neosesary  to  increase  area  of  cross  sections  of  ths  nossle^  obtained  under  the 
condition  of  isentropic  flow.  An  accurate  solution  of  such  a  problem  requires  a 
.calculation  of  ths  boundary  layer  on  walls  of  the  nossle  (Chapter  5). 

The  approodmAte  solution  can  be  found.  If  there  le  known  the  distribution  of 
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<driig  eo«fiClol«ntt  along  axlft  of  nonT  la. 

I 

Th«  ajMolfic  work  of  tha  firlotl  )nal  foreas  for  a  tuba  of  varlabla  section 

(noitla)  can  ba  prasantad  In  tha  foU^wtng  fom: 

<•  tfx 

MW  Q 

whara  dx  *■  D  *  ^  **"  dlamatar  of  throat  aaotlon  of  nozsla. 

D*  D#  « 

Tha  Inoraniant  of  antropyj  oausad  by  tha  influanoa  of  frictional  forces  is 

.  .*  r, 

(^3o, 

wtwra  tha  raduoad  antropgr. 

On. tha  basis  of  (6-30)  after  siapla  transformations  wa  find  such  expression 
for  drag  ooaffiolanti 


t- 


1 


1 / 

•TTV-S+T^te- 


In  oonsldaring  that  according  to  f omuls  (5-12) 

where  is  tha  ratio  of  prasiuras  of  stagnation  at  entry  into  nossla  and  in 

P%  ^ 

tha  given  section,  wa  can  obtain:  A  f 

(6-31) 

If  there  is  known  the  fora  of  function.;,  i  (ji) ,  than  by  means  of  (6-31)  there  is 
readily  found  tha  change  in  «,  along  tha  length  of  nossla.  Tha  values  ;(.ir)  may  ba 
taken  fron  tha  graph  in  Fig.  5-12.  In  accordance  with  aquation  of  continuity  (2-41) 
tha  connection  between  sections  in  real  (F)  and  isentroplo  (F«)  flows  can  ba 


prasantad  as: 


•  . 


(6-32) 

whara  /  -« :  c,  -•  ;  q  -<  And  q,  are  tha  reduced  flows  for  thaoratloal 

and  real  procassas. 

Investigations,  nade  under  tha  direction  of  A.  A.  Oukhman,  thaoratloally  and 
exporlaantaUy  showed  tha  possibility  of  a  linear  approxlnatlon  of  law  of  change 
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of  ontropy  Along  the  length  of  noeale. 

Consequently,  If  one  wero  to  aesvaoe 

^  1/  In  t, 

M  ■»-=« -~ar- ■»  conit, 

a  d* 

than,  after  substituting  In  the  orltical  section  x  ■■  0  by  means  of  (6-32)  as  sltall 
find  ); 

in 


or 


(6-33) 


Experiments  show  that  for  nosslss  with  a  polished  Internal  surface  it  is 
possible  to  assume  0,011  —  O.OIE, 

Equation  (6^33)  is  used  for  solving  direct  and  Inverse  problems.  In  first 
case,  i(i)  and  t<^are  given;  according  to  formula  (6-33)  there  Is  established  the 
reduced  flow  q(x) 1  the  distribution  of  paranetors  of  flow  along  the  length  of 
channel  (  x,  ^_p,  T  )  is  established  by  tables  of  gas-dynamlos  functions.  In 
solving  the  inverse  problem  by  the  known  distribution  of  q(x)  or  ^(7)  there  are 
established  those  sections  in  which  there  are  attained  the  given  values  X(/(j^), 

The  values  ^(x)  in  both  oases  can  be  found  by  formula  (6-32)  (here  »  q). 

The  influence  of  friction  on  the  speed  and  other  parameters  in  exit  section  of 
noasle  is  evaluated  by  means  of  the  coefficient  of  speed,  which  is  expressed  by  the 
formula  _ 

where  IL^rar-^-rri-^  -^-“1)  i*  the  loss  factor  of  energy  in  noasle ; 


is 

•  y«i 


the  ratio  of  pressures  of  stagnation  at  erJLt  and 


at  entx'y  into  nossls} 

M||  is  the  theoretical  value  of  M  number  in  exit  section. 

rron  formula  (6-3A)  it  follows  that  magnitude  t,  ambiguously  is  assoeiated  with 

the  coefficients  T,  and  C,  •  With  identical  values  e,,  the  coeffloionts9,und  C^vary, 

2 

depending  upon  magnitude  of  available  energy,  proportional  to  * 
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,  ,  ,  In  Tig,  6-17  grnpha 
prtsfntnd. 
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Dependence  of  coefficient 


apeed  f>«  on  ••  and 


of  nosBle 


6-5  •  Two-dlnenalonal  Laval  Noaale  imder  Nonrated  Condltlena. 

Under  operating  oonditlon8«  paremetera  and  alao  the  flow  of  gaa  through  a 

j  p 

noifle  nay  vary.  Here  It  la  eaaentlal  that  ratloa  of  the  preaaurea  ,  >diert 

/>,  la  a|i  prevloualy  the  preaaure  of  the  environnent»  change. 

Wo  ahall  conalder  the  operation  of  a  noaale  with  variable  nodea  aa  a  flrat 

approxiaatlon,  dlaregarding  friction  and  themal  conductivity.  In  Fig.  6-lS,  there 

la  ahown  the  dlatrlbution  of  preaaurea  in  a  Laval  noaale,  at  different  preaaurea 

of  the  envlronnent  /'u.  The  curve  AOB,  oonetruoted  on  baala  of  equation  (6-29)« 

oorresponda  to  rated  oondltlona  of  flow  in  a  nosala,  with  which 

Wa  aaiuM  that  at  a  conatant  value  of  p  ,  the  preaaure  of  the  environment 

0 

variea  within  the  liaita  PxSP^<p^  ,  and  we  ahall  trace  change  in  atructure  of  flow 
both  within  the  noaale,  and  alao  after  It.  It  ia  poaaible  to  dletlngvdah  four 
oharaoterlstlo  groupa  of  aodea  of  flow;  within  the  .llmlta  of  each  group  of  modes  the 
picture  of  the  flow  qualitatively  la  kept  constant. 

The  flrat  group  of  nodea  la  charaoterlaed  by  lower  preesurea  of  nodlun 

rt  r$ 

In  thla  oaae  at  exit  aeotlon  of  noaale  there  is  eatabliahed  a  rated  preaaure  p  , 

iX 


328 


slnoo  the  pai'uastera  of  gas  in  reservoir,  and  consequently,  also  the  flow  of  gas 
through  nozale  do  not  change.  This  is  obvious  also  because  in  supersonic  stream 
the  disturbance  is  not  propagated  opposite  the  flow  and  consequently  the  drop  in 
pressure  of  medlun  will  not  be  reflected  in  exit  section  of  nozsle.  In  whole  inters 
mediate  section  of  noszle  therefore  the  pressures  also  remain  rated.  Parameters  of 
flow  change  after  the  noasle,  in  the  free  supersonic  stream. 


Fig.  6-18.  Diagram  of  distribution  of  pressures  in  a 
Laval  nosale  during  different  modes  [of  flow]. 

In  Fig.  6-19)4  there  are  presented  diagrams  of  spectra  of  stream  at  exit  of 

two-dimensional  nozsla  during  a  lower  countorpressure.  At  the  anglular  points 

A  and  A^  pressure  varies  from  a  value  of  p^  up  to  The  streamlines  at  points 

A  and  A^  are  deflected  by  a  certain  angle  in  connection  with  the  generation  at 

those  points  of  waves  of  rarefaction,  >Meh  cause  an  isentropic  expansion  of  the 

gas  from  p  up  to  P^.  Alor.g  charaoteristlos  AC,  A  C  and  AB,  A  B  in  accordance 
^  111 

with  properties  of  rectilinear  oharaoterietioe,  the  pressure  does  not  ohange. 
Consequently  ,  in  regions  2  there  are  established  a  constant  speed  and  pressure 
p  ,  equal  to  the  ambient  pressure.  Waves  of  rarefaction  AD  E  A  and  A  DBA  emerge 
on  free  edge  of  etream,  along  which  the  pressure  rsmaine  constant  and  squall  to  p^. 
In  the  eons  of  the  intersection  of  these  waves,  as  le  already  known;  there 

occurs  a  distortion  of  the  characterietlce.  As  a  result  the  angle  of  sound  wave 
BD  becomes  less  than  the  angle  of  wave  A^^C  j  correspondingly 

*"•  «,Oi  » 
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Fig.  6^19 •  Diagrams  of  spectra  of  stream  after  two-dimensional  noszle 
during  different  modes  of  flow. 

From  free  edge,  the  wave  of  rarefaction  is  reflected,  as  a  compressional  wave, 
in  passage  through  which  the  streamlines  are  deformed,  being  deflected  at  an 
angle  8  to  the  axis  of  stream.  At  points  L  and  compressional  waves  emerge  on 
the  free  boundary. 

After  the  intersecting  waves  of  rarefaction  (in  region  3)  there  is  established 
a  pressure,  less  than  pressure  of  environment  (stream  is  reexpanded).  In  region  A 
after  intersection  of  eotapressional  waves  the  pressure  rises  to  a  pressure  in 
exit  section  of  noszle  AA^.  Towards  the  section  the  stream  contracts, and  its 
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width  is  equal  to  the  width  of  exit  section  AA^.  In  regions  1,  3f  and  4  the  stream¬ 
lines  are  rectilinear  and  parallel  to  the  axis  of  nosale.  In  regions  2,  the 
streamlines  also  are  rectilinear  and  parallel,  but  located  at  an  angle  8  to  the  axis 
of  noaile.  For  the  considered  first  group  of  modes  with  the  adopted  assumptions, 
there  are  no  losses  of  energy  in  the  stream. 

As  the  pressure  of  the  medium  increases,  the  eharacterlstlos  AB,  BD, 

and  C^E^change  their  position  in  the  stream.  Since,  the  difference  between 
pressures  in  regions  1  and  2  in  this  respect  decreases,  then  the  angles  of  indicated 

oharaeterlsties  inorease  and  the  intensity  of  waves  of  rarefaction  AD.E.A  and 

1  1 

A^DEA^  decreases.  Angles  of  deflection  of  streamlines  in  region  2  also  decrease. 
Reaching  a  limit,  under  rated  conditions  (p  »  p.),  the  characteristics  AE.  and  A.E 
merge  with  the  waves  AD^and  A^D.  The  stream  acquires  formula  given  in  Fig.  6-19, b. 

The  second  group  of  modes  characterises  the  outflow  from  a  Laval  nossle  with 
a  higher  counterpreasure  of  ths  medium  or  with  a  lower  initial  pressure  (  *.>«,  ). 

By  knowing  the  rated  speed  in  exit  section  of  nossle  A,,  there  is  rsadlly  determined 
then  the  value  of  pressure  of  medium  at  idiich  in  exit  section  there  will  form  a 


normal  shook  wave  [Fig.  6-lB  and  formula  (4-20)]: 


Pik  ==/». 


*•  * 


_ +1 

'  *  -f  I 


(6-35) 

The  considered  second  group  of  modes  is  characterised  by  following  relationship 
of  the  pressxires  of  the  medium:  /t  < p,,  •  In  this  ease  In  section  AA  (Fig. 

6-19, e)  there  also  is  established  a  rated  pressure  p^.  If  pressure  of  msdlurn  p 
comparatively  slightly  exceeds  the  pressure  p^,  then  at  points  AA^  there  will  form 
two  oblique  shocks;  AC  and  A^C,  intersecting  at  point  C.  The  oblique  shocks  enorge 
onto  the  free  edge  of  stream  (after  intersection  at  point  C  the  angles  of  cblique 
shocks  Incrsass).  In  the  passage  through  the  shocks  AC  and  A^C  the  straant.lnes  are 
deflected  at  angle  8,  tdiloh  readily  is  calculated.  In  regions  2,  the  ^sressure 
is  equal  to  the  ambient  pressure;  the  streamlines  are  parallel  to  each  othor  at  the 
free  edge  of  stream  AB  and  A^B^. 
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.  From  the  condition  of  aynoctry  after  the  ahoelce  CB  and  CB  the  apaed  muat 

J.  f 

bacome  parallel  tb  axLa  of  flow,  i.e.|the  atreamllnes  must  be  turned  In  the  opposite 
direction  by  an  angle  6,  In  thla  region,  there  la  established  a  pressure,  higher 
in  ecnyparlson  with  the  preaaura  of  medium.  Consequently,  at  points  B  and  B^  from 
the  direction  of  stream  the  pressure  Is  higher,  and  from  these  points  there  are 
propagated  waves  of  rarefaction.  In  the  transition  through  the  waves  of  rarefaction 
the  pressure  drops  to  the  ambient  pressura^and  the  streamlines  are  deflected  from 
the  axis:  stream  expands.  After  the  intersection  of  waves  of  rarefaction,  the 
pressure  is  equal  to  p^.  At  points  of  emergence  of  waves  of  rarefaction  onto  free 
edge  stream  has  a  width,  equal  to  AA^.  The  considered  group  of  modes  is  characterised 
by  losses  of  energy  In  the  stream,  caused  by  an  increase  jn  entropy  In  the  system 
of  oblique  shocks.  Field  of  pressures  along  the  axis  and  in  the  cross  sections 
acquires  significant  non-uniformity. 

The  described  scheme  of  outflow  is  possible  only  with  a  small  exceeding  of  the 
pressui's  p^  above  p^,  when  the  angle  a  is  small.  At  a  certain  pressure  of  the 
medium  p'u  spectrum  of  stream  at  exit  of  nossle  varies.  The  existence  of 

a  system  of  two  oblique  shocks  with  supersonic  speed  after  the  point  of  their 
Intersection  becosMS  impossible.  At  pa>P%k.  angle  of  oblique  shocks,  going  out 
from  the  edges  A  and  A^,  attains  a  value,  with  which  in  a  certain  region  after  the 
shook  the  speeds  will  be  subsonic  and  spectrum  of  outflow  abruptly  will  change 
(Fig.  6-19, d  and  e). 

For  a  two-dlfflenslonal  nossls  the  deflection  angle  of  the  etreamllne  Ami 
(or  angle  of  shook  ),  with  tdiloh  the  picture  of  outflow  will  change}  It  Is  readily 
determined  by  means  of  a  diagram  of  shock  polars. 

Shook  polar  AKl  (Fig.  6-20)  corresponds  to  a  rated  spood  x,  of  the  flow  In 
exit  section  of  noiile  (segment  01)  and,  oonsequantly,  In  entire  region  1  (Fig. 
6-19,o).  At  a  certain  pressure  of  the  medium  »  pjj^  the  speed  after  the  shook 
is  measured  by  sector  02  (speed  in  region  2  in  Fig.  6-19, c);  the  limiting  spaed 
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Fig.  6-20.  Determination  of  mode  of  flow  after  shocks, 
forming  under  nonrated  conditions  in  Laval  nosale,  by 
BMsns  of  diagram  of  shock  polars. 

after  obll(iue  shocks  Cfi  and  CB^  in  region  3»  where  the  streamlines  are  parallel  to 
SJds  of  stream,  is  determined  by  sector  Q3  (Fig.  6-20). 

The  magnitude  of  the  pressure  can  be  determined  by  the  formula  (4-13): 


Pu*=rn^*(r+T ;  »-i,,  24  )■  (*-34) 

V  I  ...  .  . 


In  this  ease  in  the  stream  after  the  shocks  CB  and  CB^  (Fig.  6-19,o)  the  speeds 
will  be  subsonic. 

If  ‘pu>p\h,t  then  at  the  Intersection  of  shocks  CB  and  CB^  the  flow  no  longer 
can  be  deflected  by  an  angle  4|>dmi  (dotted  line  in  Fig.  6-20),  at  which  it  was 
deflected  during  transition  through  AC  and  A^C*  Diagram  of  outflow  qualitatively 
will  vary.  At  exit  of  nosale  there  will  form  a  bridge-like  shock. 

From  the  angular  points  A  and  A^  (Fig.  6-19, d)  there  are  propagated  oblique 
shocks  AC  and  A^^D,  changing  into  normal  (or— with  a  nonuniform  distribution  of 
speeds— curved)  shook,  after  which  the  speeds  will  be  subsonic.  After  the  oblique 
shocks  CB  and  DB^  the  speeds  remain  supersonio,  but  the  pressure  is  found  to  be 
higher  than  the  pressure  of  medium  p^. 

After  the  normal  shock  CD,  the  pressure  is  much  higher  than  after  the  shocks 
CB  and  DB^.  Consequently,  in  the  stream  there  in  created  a  complex  distribution  of 
pressures  by  section:  the  leveling-off  of  pressures  results  in  a  sharp  decrease 
of  p  at  the  core  of  stream,  l.e.,  to  an  acceleration  of  core  which  is  aooompEvnled 
by  a  decrease  of  its  section.  The  boundaries  CE  and  DF  form  a  narrowing  se:tion  of 
core,  along  wlilch  the  speeds  increase  and  in  the  section  EF  attain  sonlu  values. 
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In  addltloni  Internal  flow  of  subsonic  speeds  ianedlsteljr  after  the  shock  CD  Is 
accelerated  by  the  external  supersonic  flow.  The  oblique  shocks  CB  and  DB^  are 
reflected  frotn  the  free  edge  In  the  form  of  waves  of  rarefactions,  which  also 
accelerate  the  core  of  stream.  As  a  result  the  speed  of  the  internal  flow  becomes 
supersonic.  The  Intensity  In  the  change  of  pressure  In  a  normal  shook  CO  and  after 
according  to  data  of^  A.  A.  Gukhman  and  A.  F.  Qandellbman  for  two  modes  of  flow, 

Is  illustrated  by  curves  in  Fig.  6<-21.  Experiments  corroborate  that  in  very  short 
sector  after  the  shook  the  flow  attains  a  rated  pressure  p^  and  correspondingly  a 
supersonic  speed. 

Thus,  at  the  pressure  of  external  medium  Pa>P'\h ,  the  system  of  intersecting 
oblique  shocks  is  destroyed  and  changes  into  bridge-like  shook.  This  phenomenon 
analogously  is  considered  in  Chapter  U  with  eases  of  irregular  reflection  of  an 
oblique  shook  from  a  rigid  wall  and  the  intersection  of  shocks. 

With  a  further  increase  of  pressure  of  medium  the  internal  subsonlo  region 
of  flow  expands,  and  the  external  supersonic  contracts.  There  exists  such  a  pressure 
of  the  medium  p^,  at  which  a  curved  shook  is  propagated  almost  over  the  entire 
section;  in  this  case,  after  the  shock  AA^  the  speeds  become  subsonic  (Fig.  6-19, e), 
with  the  exception  a  narrow  peripheral  region.  This  curved  shook  is  situated  close 
to  the  exit  section  of  nossle. 

Pressure  p*'  will  correspond  to  such  a  mode,  with  which  angle  of  rotation  d  in 
the  shocks  AC  and  A^D  (Fig.  6-19,d)  becomes  equal  to  the  maximum  angle  (dashed 
line  in  Fig.  6-20).  After  determining  by  means  of  shock  polar  the  angle  pm.  corre¬ 
sponding  to  angle  of  rotation  tm,  possible,  by  formula  (4"‘13)  or  (6-36),  for 

M 

an  oblique  shock  to  calculate  the  pressux^  P2]c 


a"^JLnf  *  fm  *-l\ 

A. 


(6-37) 


At  pressures  of  the  medium  Pu>p  u  t^is  shock  is  normalised  and  at  p^  *  p^^^ 
[formula  (6-35)]  the  shock  has  to  become  normal,  being  located  in  exit  section 
of  nosale.  Actually  as  the  result  of  nonuniform  distribution  of  speeds  in  conical 
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novsles  and  of  the  Influence  of  the  boundary  layer  (viscosity)  the  shook  enters 
inside  nozzle  somewhat  distorted  (Fig.  6-19>f)* 

If  pressure  after  nosele  p„>p''[h  »  than  in  sxlt  section  of  nossls  the  pressure 
will  vary*  A  further  increase  of  pressure  of  modlum  (p»>p\k)  causes  a  displacement 
of  the  system  of  shocks  inside  nosslef  as  was  shown  In  Fig*  6-19«f* 

From  formula  (6-36)  for  the  ratio  of  the  pressures  at  the  boundaries  of  a  shock 
it  follows  that  a  definite  increase  in  pressure  in  shook  corresponds  entirely  to  a 
given  speed  i,  of  the  supersonic  flow  before  the  shock*  If  pressure  of  medium 
exceeds  the  magnitude  p^i  theni  obviously,  conditions  of  equilibrium  in  normal 
shook  will  be  disturbed  and  it  will  be  transferred  to  that  place  in  the  flow  vdiioh 
oorresponda  to  an  equilibrium  position  of  the  shook  with  new  parameters  of  the  medium. 
It  must  be  remembered  that  a  displacement  of  the  shock  inside  nossls  is  accompanied 
by  new  qualitative  changes  of  flow  (third  group  of  modes).  The  pressure  after  the 
shook  in  this  case  is  no  longer  equal  to  pressure  of  the  medium;  it  is  found  to  be 
less  than  p^*  Therefore,  after  a  shook  the  pressure  continues  to  increase*  The 
distribution  of  pressures  in  the  flow  at  Intermediate  positions  of  a  normal  shook 

is  shown  in  Fig*  6-ld  by  the  lines  K.L.£  ,  K  L  B  ,  etc. 

Ill  222 

With  an  increase  in  pressure  of  medium,  the  shook  continues  to  be  displaced 
within  nossle  towards  minimum  section.  The  relationship  between  degree  of  pressure 
recovery  in  the  shook  and  the  degree  of  an  Isentroplo  recovery  of  pressures  after 
shook  varies.  In  accordance  with  the  subaeqi\ent  displacement  of  shook  in  region  of 
smaller  speeds,  the  ratio  of  pressures  on  boundaries  of  shook  deoreasesi  and  the  degree 
of  pressure  recovery  in  divergent  section  of  nozzle  after  shook  increases*  (see 
curves  ^2^2***' 

At  a  certain  pressure  of  the  medium  the  shocks  enters  Into  minimum  ssetlon 
of  nossle  and  disappears  hsre.  In  minimum  section  of  nozzle  the  parameters  of  flow 

a*rhere  is  consldersd  the  case  of  continuous  flow  after  the  shook. 
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Fig.  6-21.  Change  of  preeaure  along  axis  of 
noaale  and  in  atream  aHer  noaala  In  modaa  with 
a  brldga-Uke  ahook  In  exit  aaotlon)  1.5. 
Expariwnta  of  NO  TaKTI. 

KEYi  (a)  mm  Hg. 


AT*  critical,  but  a  tranaltlon  Into  the  aupersonii.  region  does  not  occur.  The  line 
OK  is  boundar/  between  subsonic  and  supersonlo  Bodes  of  the  nossle.  At  Pa>Pitu 
the  speeds  at  all  points  of  nostle  are  subsonic  and  we  obtain  fourth  group  of  modes 
of  noaale.  For  this  group  there  are  oharaoteristlo  successive  expansion  of  flow 
in  oonverging  part  and  oumpression  in  diverging  section  of  nozsle.  The  minimum  of 
pressure  is  attained  in  narrow  section.  It  is  known  that  such  is  the  character  of 
the  distribution  of  pressures  in  Venturi  tubes  used  for  measurement  of  gas  flows. 

As  long  as  pa<Pim  the  flow  of  gas  through  nossle  during  different  counter- 
pressure  Is  kept  constant  (In  minimum  section  of  noisle  the  parameters  of  gas  are 
critical,  and  the  Initial  parameters  remain  constant).  The  change  of  flow  starts 
only  with  oounterpreesures  greater  than  p^,  i.e.,  within  limits  of  the  fourth  group 
of  modes.  In  Fig.  6-18  to  the  right  there  Is  shown  the  change  of  gas  flow  through 
nossle  depending  upon  the  counterpressure  p^. 

The  magnitude  of  pressure  p^  can  be  determined,  if  there  are  known  the  geometric 
oharaoteristlcs  of  nossle  and  parameters  of  flow  before  nossle.  Ignoring  the 
losses  in  divergent  section  of  nossle,  it  is  possible  by  means  of  the  equation  of 
continuity  to  obtain j  - 


where  «  is  the  reduced  flow  in  exit  section  of  nossle  for  the  mode 

under  consideration. 

On  the  other  hand,  can  be  expressed  in  terms  of  the  ratio  of  pressures 
by  formula  (6-4) |  then,  remembering  that 

>  I 


T 

•.  “ 


(6-38) 


we  arrive  at  following  equation  for 

t  *-i  I 

whertt  . 

It  is  readily  seen  that  equation  (6-38)  at  1  (oonverging  nossle)  ins  a 

,  and  at  f^r^oo  (nossle  is  designed  for  maximum  spied 


root 
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‘  «nd  Th«  Moond  vAlut  (i,^»>0)  eorrtspond* 

to  r«tod  oondlUoM  ot  noiilo  f^.^oo  and  thoroforo  it  !•  not  oonoldorod. 

Th*  doiwiidonot  of  •!«  on  bgr  fomula  (6^38)  la  praiantad  in  Fig.  6-«2. 

For  thtro  nay  bo  obtainod  tho  alopanr  fomula,  if  olHptlo  dapandonoa 
batnaan  and  la  uaad. 


JSisaiipH 


0,t  on  10 


Fif«  6^2,  Naxinuin  ratio  of  praaiuraa  ,ln 
noaala  dapandlng  on  /,. 

Aooqrding  to  aq\»tion  (6-12)  it  la  poaaibla  to  writa  outi 

h„,. 

•ta— •.+(•— •Jj/'-'g-.  (4-39) 

In  aquation  (6-39)  it  la  poaalbla  to  introduca  tha  oorraction  irtiioh  takaa  into 
oonaldaration  loaiaa  in  dlvargant  saotlon  of  noaala*  In  thla  oaaa 

(6-39a) 


(6-39a) 


whara 


r#* 
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Fron  equation  (6-39a)  it  foUoira  that  with  an  increase  In  leases  in  noaxle,  the 

magnitude  of  the  maximum  counterpresaure  p  daereasea. 

la 

In  detemdnlng  eim  a  conilderatlon  of  the  losses  it  is  possible  to  use  the 
graph  in  Pig.  6^Z,  plotting  along  the  horiiontal  axis  the  magnitude  . 

M 

Ml  now  turn  to  a  oonalderatlon  of  certain  peculiarities  of  third  group  of  nodes, 
with  shock  waves  within  nozsle.  It  is  neoessary  to  oonaider  that  in  reality  in 
nossle  there  le  created  not  a  normal  shooki  but  a  eoaiplex  aystem  of  curved  shocks. 

Of  great  Importance  here  is  the  shape  of  expanding  portion  of  nossle.  kt  small 
aperture  angles  of  expanding  portion  in  nossle  there  appear  shocks  close  to  the 
normal  in  shape.  Near  che  walls  of  nossle  there  occurs  a  branching  of  the  curved 
shooky acquiring  the  shape  of  a  bridge-like  shook  (Fig.  6-19ff). 

The  third  group  of  modes  is  characterised  by  significant  losses  of  energy. 
Equally  with  the  wave  losses  in  the  shocks  there  appear  losses  owing  to  separation 
of  flow  from  walls  of  nossle.  The  separation  is  aooompanied  by  the  formation  of 
vortices  and  by  the  oharaoteristlo  auction  of  gas  from  the  environment. 

I 

In  a  number  of  cases,  of  practical  Interest  Is  the  determination  of  position  of 
shook  inside  nossle  end  of  losses  in  nossle  with  a  given  ratio  of  pressures.  Sines 
the  structure  of  the  ahooke  depends  on  the  shape  of  divergent  section  of  nossle, 
then  such  problem  cannot  be  accurately  solved.  An  approximate  solution  can  be  ob¬ 
tained  for  simplest  case,  assuming  ths  shook  normal  and  flow  In  nozsle  nondetaohsd. 

I 

The  problem  is  solved  as  follows.  Before  ths  shook,  the  expansion  of  gas 
follows  along  the  curve  AOB  (Fig.  6-ld),  corresponding  to  rated  conditions.  Para¬ 
meters  of  gas  at  entry  and  in  sections  K  are  associated  by  equations  of  Isentroplo 
flow.  The  change  in  state  in  section  K  is  determined  by  the  formulas  of  noi'mal 
shock  (line  of  process  K,  L  ,  et  cetera).  Finally,  after  the  shock  it  is  possible 
to  use  data,  characterising  losses  in  ths  diffuser  (Chapter  7). 

! 

Let  us  assume  that  a  normal  shook  appears  in  certain  section  of  nossle  F^j^. 

Frcmi  the  equation  of  continuity  there  can  be  obtained  the  known  relationship: 
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r'lli'.l  I'lil  (..‘I  l(>! 


§  „  I 


(4-W) 


whtrt  ii  th«  rtduood  flow  b«for«  •hook. 

fran  foraula  (6.4^0)  it  !•  po*tlbl«  to  •xproia  in  tonu  of  i*,  or  hy 

Mi«ns  of  •quation  (6-4)  in  t«ma  of  ratio  of  proiauras  Tha  raduead  flow 

.  .A 

in  tha  aaM  aaotion  aftar  ahook  ia  aqual  tO} 

Kara  p"  ia  tha  praaaura  of  atagnation  aftar  ahoek* 

0 

Fron  tha  aquation  of  eontlnuity  for  aaotlona  and  F^  mo  ahall  obtain: 

/Ui  ««,  (6-42) 

“FT  *■  "HP  •'2''  "oa* 
fta  lb  w 

whara  q“^  and  q^  ara  tha  raduoad  flowa  aftar  ahook  alao  in  axit  aaotion  with* a 
givan  praaaura  Pv 

,  i*  tha  ohanga  in  praaaura  of  atagnation  in  divargant  aaotion  of  noiala 


•4* 


aftar  •hook.'*^ 


Than  by  awara  of  aquation  (6-40)  wa  obtain: 

/•n  ^*0e«*«A* 

d* 

whara  ia  tha  ohanga  in  praaaura  of  atagnation  in  tha  ahook. 


Subatituting  in  aquation  (6-43)  tha  valuaa  and  q^>  wa  find: 


(6-43) 


Kara  i*  tha  ralativa  praaaura  aftar  noailaj 

^  *-l 

JH  tea— "j|' . , 

If  wa  diaragard  tha  loaaaa  in  noaala  bafora  tha  ahook,  than 

•  •  f. 


(6-44) 


WTha  valuaa  *0^  oan  ba  takan  aooordlng  to  axparlmental  data,  praaentad  in 
Ohaptar  7* 
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Ratio  of  pressures  of  total  stagnation  In  a  shock  is  determined  by  equation 
(4-35) •  Formula  (6-44)  with  the  substitution  from  (4-35)  become  very  cumbersome; 
significantly  mot^  convenient  to  use  la  equation  (6-43)#  which  contains  tabular 
functions  of  the  isentroplo  flow  and  of  a  normal  shook*  Seing  given  the  magnitude 
q'  from  we  find  /  by  formula  (6-43).  After  determining 

OK 

by  tables  the  corresponding  values  of  ^  ,  we  shall  find  the  magnitude  q".  * 

»•  f*  OK 

An  evaluation  of  the  coefflolent  is  made  after  calculating  q'' 

CK 

(  1  "jj)  and  •  Then,  there  is  determined  the  magnitude  -  q|jj^  Know- 
ing  and  ^4ndt 


•  MBit 

•  •  P# 


Thus,  it  la  posalble  to  oonatruot  the  dependence  on  for  different, 
but  constant  values  /*<«^  •  At  the  shook  is  located  in  the  throat  of 

noesle  and  At  *a*^*ift  the  shook  is  found  in  entry  section  of  noiale. 

An  analysis  of  fonmila  (6-43)  shows  that  in  interval  of  changes  from  1 
to  2,  the  dependence  /,,,  on  ■«  noy  be  expressed  by  the  approximate  formula 

where  A  is  a  dimensionless  ooefflclent,  depending  on 

After  calculating  by  formula  (6-45),  it  is  possible  to  determine  q'  and 
(or  ij'j  and  find  then  loss  factor  of  energy  in  shook  is  determined 

by  the  formula  (4-33)  or  by  tables.  Loss  factor  in  expanding  part  after  shock  is 


determined  by  the  formula 


The  coefficient  of  total  losses  in  nose  Is  in  modes  of  the  third  group  is  equal 


»/here  M,  is  the  dimensionless  speed,  corresponding  to  a  ratio  of  pressures  y 
With  a  consideration  of  separation  of  flow,  the  losses  and  position  of  iihook 
will  differ  from  the  calculated  in  the  indicated  manner..  The  separation  oi'  flow 
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*ft«r  th«  shook  rssults  In  s  shsrp  Ineroass  of  losses,# 

i 

Results  of  an  experimental  Investigation  confirm  the  indloated  peculiarities 
of  flow  in  nossle  with  unrated  conditions. 

Thus,  In  Pig.  6-23  there  is  presented  the  distribution  of  pressures  along 

nossle  during  different  modes.  The  dashed  lines  show  the  results  of  calculation 

Blade  by  the  above-indicated  method.  With  decrease  of  aperture  angle  the  computed 

ourves  approach  the  experimental.  However,  the  oolnoidenoe  of  the  oaloulated  with 

the  experimental  is  not  entirely  satisfactory.  The  increase  of  pressure  at  the 

location  of  shook  occur s,  although  very  intensively,  not  in  a  disoontlnuouo 

Banner.  Consequently,  only  at  very  SBvall  aperture  angles,  shocks,  corresponding 

to  the  third  group  of  modes,  are  close  to  the  normal.  The  experimental  fact  that 

the  location  of  shook  in  nossle  depends  on  the  means  by  which  nossle  mode  varies 

also  deserves  attention:  by  the  change  of  initial  pressure  p^  or  oounterpressure 

p..  This  result  is  explained  by  influence  of  Reynolds  number  during  interaction 
*  i 

of  a  oonpresslon  shook  with  the  boundary  layer. 


Fig.  6-23.  Distribution  of  pressures  in  Laval  nossle  with 
different  modes  and  at  different  angles  of  aperture  y«  18**. 


#The  effect  of  separation  on  the  position  of  shook  can  be  evaluated  experi¬ 
mentally;  in  equation  (6-45)  it  is  possible  to  introduce  experimental  values  of  the 
coefficient  A. 

##Aooording  to  the  data  of  Oswood  and  Cross, 

5 ‘IP.. 


mr  -  ' 
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Pig.  6>25.  Spaotra  of  flow  In  a  two-dijaanalonal  vuparaonlo 
noatla  undar  nonratad  condltiont.  Paranatara  of  ratad  aoda: 

'1/  0.052;  M„  "  2.57;  aperture  angle  of  noaila  Te"  19'’40'. 

“-•q  “  0.685;  b—  •«  “  0.518;  c— 0.362;  d— •u"0,6®. 
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Pi 

depends  on  tha  basic  geoaetrlc  parameter  and  the  apert^.ire  angle  Yc  •  With 

an  increase  of  Yc  the  system  of  shocks  with  the  same  ratio  of  pressures  ea  ie  dis¬ 
placed  towards  the  minimum  section. 

The  rolatlve  pressure  after  the  shock  does  not  depend  on  tc  (curve  1  in 
Fig.  6-24, c)  (points  with  different  Y*  cn  the  same  curve). 

The  change  in  position  of  shock  depending  upon  calculated  di.fferentlal  of 
pressures  in  nozzle  i,  (or  the  same  on  /,)  and  the  ratios  of  pressures  in  exit 
section  (p^)  and  environment  (p,)  are  corroborated  by  graphs  in  Fig.  6-24, b. 

At  the  same  time  the  experiments  confirmed  that  in  modes,  corresponding  to 
the  distribution  of  shocks  in  exit  section  of  nozzle, the  pressure  in  this  section 
(and  speed  before  shock  does  not  depend  on  the  aperture  angle  (cui^e 

2  in  Fig.  6-24, c).  The  ratio  of  pressures  A  differs  from  the  calculated  only 

P» 

by  a  magnitude  chi^racterizing  the  frictional  losses. 

The  gradual  development  of  a  spectrum  in  a  two-dimensional  nozzle  with  the 
aperture  angle  of  expanding  part  Yc  **  40*  is  shown  in  Pig.  At  pressure 

in  medium  (the  third  and  second  groups  of  modes)  inside  nozzle  there 

appears  a  system  of  shocks.  Closijig  this  system  is  a  shook  of  small  eurvaitire 


Fig.  6-26,  Diagram  of  nonrated  modes  of  Laval  nozzle  (after  B.  l‘a 
Shumyatskiy) . 

KEY:  (a)  Region  of  subsonic  modes;  (b)  Region  of  normal  shocks  witiin 
nozzle;  (c)  Region  of  curved  shocks;  (d)  Region  of  three  intersectlig 
shocks  in  the  flow;  two  normal  plus  one  curved  shocks;  (e)  Region  of 
two  oblique  shocks  intersecting  on  axis. 

(Fig.  6-25, a)  after  which  the  speed  lo  subsonic.  In  certain  modes  there  art 
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McertAlned  oaolllatory  motions  of  flow  aftsr  point  of  separation  (Fig.  6>25|b). 

With  the  lowering  of  pressure  of  medium  p^  the  shocks  advance  from  the  critical 
to  the  exit  section:  at  a  certain  pressure  Inside  nozsle  there  will  form  a  system 

of  Intersecting  oblique  shocks  (Fig.  6-25c)  which  with  lowering  of  pressure  of 

medium  is  transmitted  to  exit  section  of  nossle  and  emerges  Into  flow  (Fig.  6-25>d). 

Operating  conditions  of  a  two-dimensional  supersonic  nozsle  without  evaluating 
the  Influence  of  the  boundary  layer  can  be  determined  by  means  of  ths  diagram 
constructed  by  B.  Ta.  Shunoratskly  (Fig.  6<-26).  Along  vertical  axle  here  is  plotted 
the  relative  pressure,  and  along  the  horiaontal*— the  rated  number  for  a  nossle. 

If  there  is  known  the  ratio  of  preaaures  ^  and  the  rated  number,  by  using 
the  diagram.  It  Is  possible  to  establish  in  idiat  mode  a  given  nosale  will  operate. 

Curve  A  correeponde  to  rated  values  of  -£!-;the  points,  lying  below  this  cr’*ve, 
belong  to  modes  of  the  first  group,  when  In  the  nozsle  section  there  will  form  a 
wave  of  rarefaction.  Curve  B  corresponds  to  the  limiting  ease  of  t\fo  Intersecting 
ahocks  [formula  (6<-36)]*  Between  curves  A  and  B  there  is  located  a  region  of  modes 
with  oblique  shocks  In  the  nozsle  section.  Curve  B  corresponds  to  the  case  of  a 
maximum  ratio  of  pressuree  after  the  first  oblique  shock  [formula  (6«37)].  Regions 
between  curves  B  and  C  correspond  to  modes  with  brldge-Uke  ehook  In  the  section. 

Curve  D  corresponds  to  a  normal  shock  In  exit  section  of  nozzle  [formula  (6..35}]. 

Hodes  with  a  curved  shock  ore  located  In  region  between  the  curves  C  and  D.  Above 
the  curve  D  Is  a  region  of  direct  shocks  inside  nozzle.  The  upper  boundary  of  this 
region  is  curve  E,  and  the  lower— curve  D.  Values  of  y-  ,  eorresponding  to  curve  E, 
determine  the  modes  with  idilch  ahocks  in  nozzle  disappear  (normal  shock  Is  transferred 
to  minimum  section  of  nossle,  where  ^^‘l). 

The  diagram  In  Fig.  6-26  le  constructed  on  the  assumption  that  the  flow  In 
nossle  and  stream  Is  two-dimensional  and  symmetric  and  the  flow  Is  continuous. 

Results  of  experiments,  presented  in  Fig.  6-24,0,  show  that  ratio  of  pressures, 
oorrespondlng  to  position  of  shock  in  exit  section  of  nozzle,  with  satisfactory 

Cl  s 

accuracy  can  be  determined  by  the  formula  *1*“"  o74~4rj[' • 
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Losses  of  energy  In  two-dimensional  Laval  nozzles  during  different  modes  can 
be  evaluated  by  Fig.  6-27*  Here  by  the  dotted  line  there  are  plotted  the  ooeffielents 
of  wave  losses  in  compression  shocks  and  of  loss  factors  in  expanding  section  of 
nozsle.  The  ouryes  show  that  in  modes  of  the  third  group,  when  the  shocks  are 
located  near  the  minimum  section,  losses  in  the  diffuser  after  shock  (frictional 
losses  also  owing  to  separation)  aoquiTe  major  importance. 


Fig.  6«27.  Losses  of  energy  in  two-dimensional  Laval 
nossle  during  different  modes. 

-it- experimental}  —wave  losses  (calculation)  and  losses 
in  expanding  part. 


6-6,  Cpnieal Laval  Nozzles  under  Won-rated  Conditions. 

Reaction  Force 


The  outflow  from  an  axially  synaetric  nozzle  under  rated  aiid  unrated  conditions 
possesses  a  number  of  peculiarities.^ 

Ms  shall  consider  at  first  the  results  of  an  experimental  study  of  the  spectrum 
of  flow  after  nozsle  durj  ig  outflow  into  medium  with  lower  pressure  (first  group 
of  modes). 

On  edge  of  exit  section  AA^  (Fig.  6-28,a)  there  will  form  a  conical  wave  of 
rarefaction,  and  the  pressure  falls  from  Pj^  1°  P^*  In  Ihe  core  of  flow  the  firessure 
drops  to  a  lower  value.  As  a  result  there  appears  a  transverse  gradient  of 

’rrhese  questions  are  partially  discussed  in  Sec,  6-2. 


347 


prtaturt,  directed  Inilde  tha  atraan.  Tha  axpanalon  of  tha  flow  In  the  conical 
wava  of  rarafactlon  rasulta  In  tho  deflaotlon  of  the  atreamllnd  from  the  axis  and 
oavuiaa  a  corraapondlng  dafomatlon  of  tha  external  boundary  In  tha  aaetor  AD.  In 
tha  aaotor  DC  the  edge  of  atream  \mder  tha  influence  of  tha  diffaranoa  of  praaauraa 


•I 


Fig.  6-^d.  Diagram  of  apactra  of  atraam  after 
conical  noaalA  during  different  modaa. 

(praaauia  of  medium  la  higher)  la  deformed  in  opposite  direction-stream  la  compreaaad 
(Pig.  6-28, a).  All  the  weak  waves,  going  out  from  tho  edge,  will  form  with  It  an 
identical  angle  (praaauraa,  spaeda  and  temperatures  at  all  points  of  boundaries  are 
Identical).  The  oharaoteristlcs  converge  towards  tha  axis  of  flow.  Aa  la  known, 
convergent  oharacterlstica  will  form  a  curved  shook.  In  eaae  of  an  axially 
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tyvmivio  flow  such  a  shock  has  the  shape  of  a  surface  of  revolution  with  a 
curvilinear  generatrix. 

The  shock  ABQ  A  (Fig.  6«28ja}  may  be  generated  not  at  exit  edge  of  nosaXs,  but 

X  X 

at  the  core  of  stream,  at  a  certain  distance  from  its  boundary. 

With  a  significant  deflection  of  the  mode  from  the  calculated  (  Pa<Pi  )  the 
shock  emerges  directly’  from  the  edge  of  nossle.  On  axis  of  flow  there  appears  a 
normal  shook  after  which  the  speed  of  flow  becomes  subsonic.  Consequently, 
with  a  lower  pressure  after  the  nossle  in  this  oass  there  appears  bridge-like  shook. 
The  curved  shock  CBB  C  in  the  external  supersonic  region  la  a  continuation  of 

,  •  X  X 

the  shock  ABB^A^.  The  stream  contracts  up  to  that  section,  where  the  shock 
emerges  onto  surface  of  flow,  and  is  reflected  in  the  form  of  a  wave  of  rarefaction. 
Farther  on  the  stream  again  expands.  From  its  boundary  there  emerge  sound  waves, 
intersecting  at  the  core  of  flow.  As  a  result  here  there  will  be  foraad  a  conical 
shook  E6.FF.,  snoloalng  the  wavs  of  rarefaction  CEB  C  and  emerging  onto  surface 

XX  X  JL 

of  flow  at  points  P  and  F^.  As  the  pressure  of  medium  inorssaes  the  system  of 
Shooks  at  exit  of  nossle  varies  little,  and  under  rated  eonditlons  after  exit  section 
there  are  maintained  two  axially  synuetrio  curved  shocks  (Fig.  6-28, b).  With  a 
further  increase  of  pressure  of  msdium  (second  group  of  modes)  the  shape  of  edge 
of  flow  changes.  After  the  first  shock  the  streamlines  are  deflected  from  axis 
of  flow  (Fig.  6-28,0 ). 

Thus,  for  conical  nossle,  first  group  of  modes  continuously  changes  into  the 
second  without  essential  qualitative  changes  of  speetnim  of  flow  within  stream.  In 
distinction  from  a  two-dimensional  nossle  in  conical  nossle  during  all  modes,  shocks 
generate  in  the  stream. 

If  aperture  angle  of  nossle  le  small,  then  under  rated  conditions  there  are 
absent  the  internal  normal  ehook  and  eubaonlo  core.  With  a  higher  counterpiosaure 
of  the  medium,  the  system  of  shocks  again  is  reconstructed ;  two  cone  shocks  are 
eonmioted  by  a  normal  shook,  and  the  internal  part  of  stream  becomea  subsonic .  An 
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inerMBO  in  oountBrprBasitro  result*  in  an  expansion  of  the  subsonic  region  and 
eorrespondlngljr  to  a  contracting  of  external  supersonlo  flow  (Flg<  6-2d,d).  In 
this  group  of  modes  axially  symsetrle  stream  also  haa  a  number  of  peouUarltle* . 

The  ourvod  shocks  AB  and  branch  at  points  B  and  B^,  as  they  form  the  alreadjr 
knoiei  brldge-Uke  system.  In  region  3  there  Is  established  a  higher  pressure  and 
In  section  CC^  shook  reflected  In  the  form  of  wave  of  rarefaction.  However^ 

in  this  case  reflected  characteristics  are  curvilinear. 

CharaoterlstloSj  going  out  from  free  boundaries  CF  and  Intersect.  As  a 

result,  as  In  the  case  indicated  In  Fig*  6-28, a,  wave  of  rarefaction  from  points 
0  and  is  terminated  by  shook  CB  (C^D^).  In  the  sector  to  right  of  second  nonaal 
shook,  located  on  axis,  the  flow  Is  accelerated  and  becomes  supersonic.  Further 
process  is  repeated. 

The  subsonic  core  of  stream  is  detected  during  all  modes,  different  from  the 

rated.  However,  as  In  all  analysed  oases  above j the  extent  of  the  subsonic  core 

is  small*  The  external  supersonic  part  of  stream  accelerate*  the  Internal  part  so 

that  already  at  a  small  distance  after  the  shook  BB,  (Fig.  6-2d,a  and  d)  flow  on 

1 

axis  attains  supersonic  speeds.  On  axis  there  will  form  a  laval  nosale,  the 
edges  of  idiich  are  the  boundaries  line  BQ  and  B^j^Q* 

For  all  the  considered  modes  a  characteristic  peculiarity  of  axially  symmetric 
stream  is  different  curvature  of  Its  edge,  of  the  internal  streamlines,  shocks  and 
waves  of  rarefaction.  Actually,  as  already  indicated  in  Chapter  4,  during  transition 
through  cone  shock  the  etreamllnea  imnsdlately  aftsr  the  shock  arc  distorted,  where 
thslr  curvature  Is  variable  along  the  shock.  If  an  axially  symmetric  shock  has  a 
ourvlUnsar  generatrix,  then  the  curvature  of  streamlines  Increases.  The  streamlines 
are  distorted  also  during  transition  through  conical  wave  of  rarefaction. 

The  shape  of  diverging  section  of  nozsle  exerts  a  significant  influence  on  the 
spectrum  of  etroarn  after  noisle.  fixperience  shows  that  in  a  correctly  shaped 
axially  8;ynnietrlc  nossls  shock  waves  after  exit  section  generate  only  with  large 
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rl«yl*tion8  of  modes  fTon  the  rated  (  Pa  <Pt  ) .  In  a  rated  mode  and  with  insignificant 
deriatlons  it  (  Pa<Pt  )  nosile  operates  without  oompression  shocks  in  exit. 

In  conical  noaslsa  shocks  In  the  stream  are  detected  during  all  modes.  With 
an  increase  in  aperture  angle  of  dlrerglng  part  the  intensity  of  the  shocks  and 
their  currature  increase.  At  a  large  aperture  angle  at  exit  of  nossle  under  rated 
conditions  there  Is  generated  a  brldge-llke  shook  (Fig.  6-29). 

The  dlterglng  part  of  nonshaped  Laval  nossles  is  made  as  a  rulSi  conical  with 
a  small  aperture  angle«  equal  to  8  to  12**.  Under  rated  conditions  the  flow  of  gas 


Fig.  6^9*  Spectra  of  flow  in  stream  after 
axially  sjnmsitrlo  Laval  nossle.  Rated 
characteristics  of  nossle:  I  »  1.52)  'i'  ■■ 

0.066)  Afw,  «  1.8 

a—  “  0.546)  b—  »  0.04)  o—  la-  0,16. 

in  nossle  can  be  continuous  also  \t  significantly  larger  aperture  angles. 

The  magnitude  of  critical  aperture  angle  of  a  two-dimensional  nossle «  corre¬ 
sponding  to  a  continuous  flow,  under  rated  conditions  can  be  readily  determined 
by  the  diagram  of  characteristics  (Chapter  3)  or  by  means  of  tables  (see  /Appendix) « 
if  the  rated  value  ii,  is  given.  The  angle  of  nossle  most  not  be  larger  than  the 
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9i  in  wkv*  of  irarof motion  ditriag  aoeolorotlon  of  flow  trm  I 

S' 

.  ii*.  li* 

At  th«  tAM  itm  tho  Inoroaso  of  apwrturo  angli  oxortt  a  alfnlfleant  infliitne* 
Ala  tha  ■truetwo  of  flow  In  noialo  undor  ratod  and  imratod  conditions.  As  ths 

sngls  inersasss  ths  aagnltuds  of  nsgatlvs  prsssurs  grsdlsnt  In  dlvsrgsnt 
fli^t  laorsMSSi  nonunlforsdty  of  ths  flow  Inorsasss  along  ths  axis  and  in  ths  outlst 

t 

•fstisn* 


Fig.  6-30.  Oiagraa  of  location  of  shooks  in  Laval  nossis 
with  a  largs  apsrturs  angls. 

AiMVS  haws  bssn  prsssntsd  ths  spsotra  of  flow  in  a  two-dlssnslonal  noaals  with 
i  largs  apsrtwrs  angla.  Sxpsrisnos  shows  that  also  in  oonloal  nosslss  with  largs 
agsrtwrs  angXss,  thsrs  ars  dstsotsd  analogous  qualitativs  ohangss  of  ths  spsotnas. 
Dlagraa  of  displaosasnt  of  systan  of  shooks  within  oonioal  nosslss  with  dlffsrsnt 
ISSdfs  %>t,^  is  prsasntsd  in  Fig.  6-30. 

Thus  ths  eharaotsristlo  modss  of  a  supsrsonlo  nossis  with  largs  apsrturs  sngls 
,  oannot  bs  dstsminsd  by  foraulas  prsssntsd  in  ptnosdlng  paragraphs.  For  suoh  a 
nsssls  ths  valuss  p^,  p^  and  p^  ars  lowsr  than  for  a  nossis  with  saall  angls 
IfcV  and  oonssqusntly,  ths  transition  into  third  group  of  nodss  ooours  with  SMsUsr 
ohangss  of  ths  initial  or  ths  final  prsssurs. 

In  Fig.  6-31f  thsrs  ars  prsssntsd  ths  loss  factors  for  ssvsral  axially 
SFWstrio  nosslss. 

Hsnesi  it  nsy  bs  ooneludod,  that  siniwua  lossss  oorrsspond  to  a  nods  of  outflow 
oloss  to  tbs  ratod.  With  an  inorsass  in  lossss  in  nossis  abruptly  inorsass 

asd  attain  a  ■axlami  aagnltuds  nsar  oritioal  valus  •a~0.55  to  0.65.  At  still 
largsr  valuss  of  *aths  lossss  dsorsass.  Suoh  a  oharaotsr  of  ourvos  C.  is  sxplalnsd 


by  change  of  wave  and  vortex  losses  In  nozzle  for  second  and  third  groups  of  modes. 
Theoretically,  the  change  of  losses  must  occur  only  at  However,  as 


Fit*  6-31*  Curves  of  loss  factors  ;  depending  on 
•land  /,. 

experience  shows,  an  increase  of  losses  with  an  increase  of  *4  occurs  at  smaller 
values  of  Tm  increase  of  pressure  in  the  system  of  shocks,  appearing  at  points 
A  and  A^  during  are  propagated  through  the  subsonic  part  of  boundary 

layer  Inside  nosale  and  result  in  a  redistribution  of  the  parameters  in  exit  section* 
The  maximum  wave  losses  correspond  to  the  mode  1^=;^.  1,,^.  As  the  shocks  within  the 
noszle  (  ««><„}  are  displaced,  the  wave  losses  decrease  and  the  vortex  losses 
increase.  In  nosslae  with  a  small  aperture  angle,  when  the  shock  approaches  the 
critical  eeotlon,  the  separation  of  the  flow  has  a  local  character.  At  a  small 
distance  after  the  shock  the  flow  again  approaches  the  walls  of  nozsls  and  the  vortox 
losses  decrease.  Therefore,  the  loss  factors  begin  to  decrease.  In  the  modes 

the  wave  and  vortex  losses  in  nozzle  are  absent.  (Venturi  tube  modes); 
losses  of  ener^  oocur  only  from  friction.  As  can  be  seen  from  Figs.  6~27  ind  6>31, 
wlt^  an  Increase  of  the  lessee  in  modes  of  third  group  increase  and 

the  region  of  maximum  values  of  C,  is  displaced  eooewhat  towards  the  larger  values. 
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It  ■hould  b«  •iqphs8l>ad  that  the  total  loseea  in  nosile  are  signlfioantl/  greater  than 
the  wave  losses  during  the  given  mode  •  Ws  note  that  the  character  of  the 

curves  ^<(*0)  remains  identical  for  two-dimensional  and  axially  symmetrical 

noBslesi  however,  the  absolute  values  of  differ  somewhat* 

In  Fig.  6-31  the  values  of  flow  coefficients  also  are  indicated* 


Laval  nossles  are  widely  used  in  Jet  engines.  In  this  oormeotion  we  shall 
dwell  briefly  on  charaoteristlos  of  nossles  necessary  for  caloulating  the  reaction 
force* 

For  determining  the  reaction  force,  under  the  action  of  which  there  is  realised 
the  flight  of  a  Jet  aircraft,  we  shall  uso  the  equation  of  momentum.  For 
this  purpose  ws  shall  describe  around  the  apparatus  a  closed  oyllndrioal  surface 
abed,  all  elements  of  which  are  remote  at  a  fairly  great  distance  (Fig.  6-32). 
Perturbations,  created  by  apparatus  on  the  defined  closed  surface,  will  be  infin¬ 
itely  weak*  ^  shall  write  out  the  equation  of  momentum  in  a  projootlon  onto 
x-axis  (Buler  equation) 

{p^dF'-  -{-/?=  —  t  (ft— 

•i  -i*  i  (6-46) 

Here  is  the  pressure  of  Incldont  flow  in  the  section  a— b;  p,,  c,  are  the 
pressure  and  speed  of  flow  after  apparatus  In  section  c-'d;  F  is  the  area  of  sections 
a-b  and  0— d;  GJg  —mass  of  air,  per  second,  flowing  into  contour;  CJg  —mass  of 


fuel  being  given  to  motor:  R  ie  the  reaction  (force)* 

Since  the  sections  a— b  and  c-~d  are  located  at  a  long  distance  frcm  the 
apparatus,  then  In  this  case,  forces  of  pressure  in  indicated  sections 

are  compensated  everyvdiere,  with  the  exception  of  the  sector  equal  to  area  of  exit 
section  of  noszle  Speeds  of  individual  streams,  enveloping  the  app^iratus,  also 
differ  little.  After  designating  c^  as  the  exhaust  velocity  from  nozzle;  p^  as  the 
pressure  in  exit  section  of  nozzle  F^,  from  (6-46)  we  shall  obtain: 

0,  Or  ft 

'  ''“T j  (6-47) 

For  an  Immobile  apparatus,  not  using  atmospheric  air,  from  formula  (6-47) 


we  find: 


I  r 

^  ~  Y  f  + j  ( A  -  Pj  iiF, , 


(6-4S) 


where  G  is  the  flow  rate,  per  second,  of  the  working  medium. 
At  average  magnitudes,  formula  (6-43}  can  be  written  as: 


After  having  replaced  here 


Finally  we  obtain: 


Y — Pi^i  Pt = p\  -■  ^  (iriin) 

> 

W. + ip.  -p.il’.- 


(6-49) 


Let  us  note  that  the  addltonal  term  in  equation  (6-49)  is  Introduced  only  for 
first  and  second  groups  of  operating  modes  of  nozzle,  i.e., at  supersonic  exhaust 
velocities. 

With  higher  counterpressures  (Pi>P2)  the  reaction  (force)  decreases,  since 
the  difference  P2**~Pj^  negative.  Conversely,  with  an  expansion  of  the  ctream 
after  nozzle  the  difference  (p^— p^)  is  positive  and  R  increases. 

If  the  shocks  are  located  within  nozzle,  then  the  outflow  occurs  with  subsonic 
speeds  (/’i- pt),  and  the  second  term  drops  out.  The  change  in  reaction  (force)  in 
this  ease  is  caused  by  the  deceleration  of  the  outflow,  which  should  be  determined 
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with  an  •valuation  of  losses  in  th«  systsm  of  shocks  and  In  divargont  section  of 

t 

nossls. 


Th«  reaction  (force)  is  conveniently  presented  in  dlicensionless  fono.  For  this 


purpose  we  divide  (6-49)  by  the  magnitude  After  simple  transformations  we 


obtain: 


(6-50) 


For  evaluating  the  effectiveness  of  nozzle  of  a  reactive  apparatus  sometimes 


there  is  introduced  the  concept  of  coefficient  of  thrust 

where  are  the  reaction  (forces)  in  actual  and  theoretical  (without  loss  in 

nozsle)  processes. 

The  connection  between  and  R.  can  be  found  in  such  a  form: 

*  “  0 
T "u' 

where  e,  is  the  equivalent  speed:  _ 

I  .  (^a  ~  —  Pu)  P • 


(6-51) 


0  .and  0^  the  actual  and  theoretical  flows  through  nozzle; 
0^^^  is  the  theoretical  exhaust  velocity  from  nozzle. 


Consequently, 


(6-52) 

i.e.,  coefficient  of  thrust  is  product  of  the  coefficients  of  the  flow  and  speed. 

Characteristics  of  9^  according  to  experiments  of  F.  Stepanchuk  are  indicated 
in  Pig.  6-33  for  noasles  with  different  parameter  of  /,  and  for  various  aperture 


angles. 

Xn  modes  of  first  group  (  *«<«i  )  the  magnitude  7^  is  virtually  constant.  In 
third  group  of  modes,  when  the  system  of  shocks  enters  into  divergent  section  of 
nossle,  the  magnitude  9^  drops  in  connection  with  developcoent  of  significant  wave 
and  vortex  losses.  Minimum  value  of  ?k  sharply  decreases  with  an  increase  of  fi  . 
This  result  is  explained  by  the  greater  Intensity  of  shocks  and  increase  of  losses 
in  diffuser  after  shocks  in  noasles  with  large 
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Fig.  6»33.  Variation  of  coafflciant  Vr”M«  depending  on 
■ode  (  >« ),  the  relation  f|  and  aperture  an^le  of  noaale  te. 

For  angHes  •  12**  to  24**  oharaoterlstlee  of  the  noailee  coincide.  A  further 
increase  of  Ye  results  in  a  sharp  decrease  of  for  the  third  group  of  modes* 

At  Ye  ■  48°  on  the  curve  there  appear  two  maxiioai  the  first  of  which  corre¬ 
sponds  to  the  rated  conditional  and  the  second— operating  conditions  of  nossle,  as 
ordinarily  convergent  (Fig,  6-33).  This  means  that  at  large  Y*  the  separation  of 
flow  in  modes,  corresponding  to  the  third  group,  occurs  close  to  the  critical  section. 
Experiments  have  confirmed  that  the  value  with  which  in  expanding  part  there 
will  form  a  separation,  depends  considerably  on  the  aperture  angle  and  increases 
with  an  increase  of  Vc • 

Thus,  in  nossles  with  aperture  angles  Yc^  5  in  ^He  modes  of  third  group 

there  appears  a  complex  system  of  shocks;  In  accordance  with  data  of  the  experiment 
most  frequently  this  system  can  be  approximated  by  two  oblique  or  cone  shocks 
intersecting  on  axis.  In  this  case  for  calculating  the  third  group  of  operating 
conditions  of  nozzle,  it  is  necessary  to  know  angle  of  oblique  shook  depending 
o*'  A  large  aperture  angle,  when  flow  after  ehook  ie  dett  v..  id. 


It  ie  possible  to  assxtme  that  .  According  to  known  values  of  M 


Ick 


jind 
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there  is  readlljr  found  the  angle  of  shocks  If  after  a  shock  a  separation  will 

not  form,  then  the  problem  can  be  solved  by  trial  and  error. 

6-7 •  Sttpersonic  Nozzle  with  Oblique  Section 

Under  rated  conditions  the  outflow  from  a  supersonic  nozzle  with  an  oblique 
section  occurs  with  small  changes  of  spectrum  of  flow.  These  changes  are  caused 
by  the  effect  of  boundary  layer  on  wall  of  oblique  sect'^un  KA  (Fig.  6-34). 

Under  unrated  conditions,  whan  the  pressure  of  medium  p«  is  less  than  the 
rated  (model),,  an  additional  expansion  of  the  stream  occuro  In  the  oblique  section 
or  after  its  limits.  If  angle  of  first  characteristic  is  smaller  than  the  angle 
of  oblique  section,  then  the  expansion  of  flow  occurs  iiseyond  the  oblique  section 
(Fig.  6-34,a).  In  this  case,  edges  of  the  nozzle  A  and  A^  create  stationary  waves 
of  rarefaction  intersecting  not  on  axis  of  stream,  but  in  a  region,  lying  closer 
to  edge  A.  For  this  reason,  the  symmetry  of  spectrum  of  outflow  is  disturbed  and 
the  stream  is  deflected  from  axis  of  nozzle.  Waves  of  rarefaction  are  reflected 
from  edge  of  stream,  as  compression  waves  (BCDj^  and  B^C^D),  Intersseting  close  to 
opposite  boundary.  In  zones  of  stream  2,  adjoining  the  boundary,  pressure  is  equal 
to  external  pressxire  p^,  in  zone  3  (after  intersection  of  waves  of  rarefaction)  the 
pressure  is  lower,  but  in  zone  4  it  is  higher  and  equal  to  pressure  in  oblique  section 
of  nozzle  p^. 

At  the  intersection  of  the  asymmetrically  located  system  of  waves,  angle  of 
deflection  of  streamlines  vary  from  section  to  section.  Correspondingly  the  mean 
angle  of  deflection  of  stream  varies. 

If  the  first  wave  of  rarefaction  from  point  A  partially  or  complateiy  lies 
within  limits  of  oblique  sectiai,then  character  of  the  flow  changes  (Fig.  6-34, b). 

The  wave  of  rarefaction  reflected  from  wallof  obUque  section  (partially  or  entirely) 
results  in  a  lowering  of  the  pressure,  and  along  the  edge  A  pressure  is  found  to 
be  lower,  than  p^.  As  s  rssult  at  point  A  thoro  udll  fom  an  oblique  shock  wave; 
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Fig.  6-34 •  Diagram  of  apaotra  of  atraam  aftar 
noil  la  >dth  obliqua  aaotlon. 

tha  ayatam  of  wmvaa  ohangaa  and  the  anglea  of  daf  laotlon  will  ba  alraady  dlf  farant 
in  oompariaon  with  tha  flrat  caaa.  In  tha  obliqua  ahock  AD  tha  atraanlinaa  ara 
daflacted  clookwiaai  tharafora,  tha  maan  angla  of  daf laotlon  of  atraam  aaawvriuit 
Inoraaaaa.  Such  a  oharaotar  of  outflow  will  taka  placa  in  that  caaa,  whan  angle  of 
obliqua  aactlon.  F  < sre  sin  . 

For  tha  aacond  group  of  modaa  (praaaura  of  madiiai  la  highar  than  tha  ealculmtad) 
on  tha  adgaa  A  and  thara  appaar  obliqua  ahooka  (Fig.  6-34,o),  Intaraaotlng 
aftar  obliqua  adga,  If  angla  Pi  of  shook  frcai  point  A^  la  smallar  than  tha  angle 
of  oblique  aactdon  ^  .  Intaraaotion  point  of  tha  shocks  B  lias  along  uppar  edge 
of  atraam.  Tha  flow  la  daflaotad  from  axis  of  atraam,  passing  through  an 
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i^ayMMtrlo  of  •hoelci  and  reflootod  watrM  of  rarafaotlon)  hare  the  daflactlon 

of  flaw  oceure  in  a  diraetion  opposlta  to  the  first  case.  Lat  us  note  that  for 
first  group  of  sodas  (p,,<pi),  turn  of  straas  occurs  with  raspact  to  the  point 
Af  and  at  Pa>pi  (second  group  of  nodes)  stream  turns  with  respect  to  ths.  point 
A^.  Angles  of  deflection  of  straanlinas  and,  consequently,  also  of  entire  stream 
change  along  flow.  Just  as  in  first  ease,  owing  to  the  influence  of  the  reflected 


wares. 

If  «r<pi  6-34, d),  then  first  oblique  shock  lies  within  limits  of  oblique 

section.  In  reflected  shock  HB^  the  pressure  increases  to  a  value,  larger  than  p^. 

As  a  result  in  the  sector  HA  and  in  region  UKB^  pressure  is  higher.  Prom  points 
A  and  B  there  are  propagated  waves  of  rarefaction  AC^D^  and  B-^^BC.  In  lone  2 
there  is  established  the  pressure  p^^.  In  zone  4,  the  pressure  is  equal  to  Pj^,  and 
in  sons  5  (after  intersection  of  reflected  compression  waves)  the  pressure  again 
la  higher.  Further  the  process  is  repeated.  It  is  readily  noted  that  the  average 
angle  of  deflection  of  stream  in  this  case  nay  be  increased.  With  a  further  increase 
of  oounterpressure,  the  shook  A^^H  will  be  deflected  toward  section  A^K«  At  a  cer¬ 
tain  value  Pn’*‘P'[h  d  normal  reflection  of  the  shock  A^^H  becomss  impossible,  since 
speed  after  primary  shock  is  close  to  the  speed  of  sound.  The  shook  acquires  the 
form  of  an  ^.-shaped  shock  A^HB^^  (Pig.  6-34,b),  and  on  oblique  section  along  wall 
HA,  a  separation  of  the  stream  win  form. 


Fig.  6-35.  Spectrum  of  flow  after  Laval  nozzle  with 
oblique  section (wave  of  rarefaction  within  limits  of 
oblique  sectlu.}. 

If  i  ton  bridge-liks  shock  is  located  in  section  of  nozzle  A^H^,and 
ths  spectrum  of  stream  virtually  does  not  differ  from  that  considered  above  for  a 
nossle  with  a  normal  section. 


Calculation  of  spectrum  and  the  determination  of  mean  angle  of  deflection 
at  exit  of  nozzle  with  oblique  sectbn  can  be  made  by  the  method  of  characteristics 
(modes  I  )  in  combination  with  the  method  of  shock  polars«  if  Pa>Pi  (modes  II ) 

An  approximate  evaluation  of  the  angles  of  deflection  can  be  realized  also 
by  simpler  methodSj  presented  in  Chapter  8,  by  means  of  equations  of  continuity  of 
mooentiun  and  energy. 

Experiments  confirm  the  above  considered  spectra  of  outflow  from  Laval  nozzle 
with  oblique  sectioru  In  Fig.  6-35*  obviously  visible  is  the  wave  spectrum  of  stream 
after  oblique  section. 

Let  us  note  that  deflection  of  stream  in  oblique  section  causes  a  change  of  the 
reaction  (force),  the  calculation  of  tdilch  should  be  made  by  a  revised  formula 
which  takes  the  deflection  of  flow  into  account. 
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CHAPTER  7 


1 


MOVEMENT  OF  GAS  IN  DIFFUSERS. 

STAGE  OF  EJECTOR  ! 

.  I 

7-1.  Main  Characterlstlca  and  Daalgn  of  Diffusars 
dlffusara  occurs  the  conversion  of  the  kinetic  energy  of  flow  Into  the 
energy  of  pressure.  Equations  of  one-dlnenalonal  flow  (Chap.  2)  show  that  such 
a  process  at  subsonic  speeds  can  be  realised  In  a  pipe  with  orossosectlon  Increas¬ 
ing  along  the  flow. 

The  flow  of  gas  In  a  diffuser  Is  characterised  by  positive  pressure  gradients, 
the  presence  of  which  creates  conditions  for  Intense  bulld-up  of  the  boundary 
layer  and  In  a  number  of  cases  of  flow  separation  from  the  walls. 

The  Influence  of  the  positive  pressure  gradient  on  the  structiu'e  of  the 
boundary  layer  was  considored  In  detail  in  Sections  5-11.  Graphs  in  Fig  5-29  and 
5-30  show  that  with  Increase  of  the  positive  pressiu'e  gradient  (parameter  r<0) 
the  momentum  thickness  abruptly  increases  and  the  filling  of  the  velocity 
profile  next  to  the  wall  is  decreased. 

At  significant  pressure  gradients  in  the  diffuser,  can  appear  separation 
(Chap.  5).  this  case  energy  losses  abruptly  increase  and  the  diffuser  does  not 
provide  the  given  increase  of  pressiire. 

The  min  problem  of  design  reduces  to  establishment  of  the  optimal  form  of 
the  diffuser,  corresponding  to  continuous  flow  and  a  minimum  of  energy  losses  at 
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the  given  regime  parameters  (numbers  Re  and  M)  and  conditions  at  the  entrance.* 
With  this  aim  Is  chosen  a  diagram  of  the  distribution  of  pressures  along  the 
diffuser,  >fhlch  gives  the  least  intense  growth  of  momentum  thickness  to  the  exit 
section  and  does  not  lead  to  separation  of  the  layer  or  displace  the  separation 
to  the  exit  cross-section.  Such  a  problem  can  be  solved  by  means  of  variant  cal¬ 
culations  of  the  boundary  layer  by  methods  set  forth  In  Chap.  5* 

Having  selected  a  rational  distribution  of  pressures,  it  is  not  difficult  to 
calculate  flow  areas,  establish  the  form  of  the  diffuser  and  determine  the  magni¬ 
tude  of  losses  In  it.  In  the  case  idien  form  of  diffuser  Is  given,  the  distribu¬ 
tion  of  pressures  along  the  axis  Is  calculated  hy  the  channel  method  (Sections 
3-5). 

In  practice  of  calculations.  It  is 
accepted  to  consider  the  losses  of  ener¬ 
gy  In  diffusers  as  the  sum  of  two  compo¬ 
nents}  losses  due  to  friction  in  the 
boundary  layer  and  expansion  losses 
•  In  meaning,  the  quantity  Cp 
characterises  losses  caused  by  the  tur¬ 
bulent  character  of  motion  in  sones  of  separation. 

It  Is  assumed  that  the  considered  losses  are  analogous  to  losses  during  sud- 
den  expansion  of  flow,  when  during  transition  from  the  narrow  part  of  the  pipe 
Into  the  wider  part,  the  boundary  of  the  stream  disintegrates  and  swirls  into  vor¬ 
texes.  For  the  maintenance  of  turbulent  motion  is  expended  part  of  the  energy  of 
flow.  As  a  result  the  sudden  expansion  Is  accompanied  by  a  loss  of  pressui'e,  and 
the  loss  factor  for  an  incompressible  fluid  during  sudden  expansion  (shock  loss) 


•That  Is,  the  length,  form  and  roughness  of  walls  of  the  entrance  section  of 
the  diffuser,  the  Initial  degree  or  turbulence  of  flow, distribution  of  velcdties 
alor\g  the  section,  and  so  forth. 
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(MUi  b«  dstttrained  by  the  formula 

irtiere  f  *■  l2  is  the  expansion  ratio  of  the  diffuser  /^i^-the  section  of  the 

Pi 

entrance  and  F2  is  the  section  of  the  exit  of  the  diffuser  (Fig.  7-iJ7* 

The  corresponding  loss  of  pressure  is  expressed  by  formula 


(7-1) 


— Pii 


if  —  2 


(7-2) 


where  p^^  Is  the  pressure  after  sudden  expansion  during  the  absence  ol  losses} 
and  02*— velocities  In  sections  Fji^  and  F2* 

In  the  diffuser  (Fig.  7-1)  the  losses  of  energy  and  pressure  caused  by 
expansion  of  sections  will  be  less,  since  the  sections  change  gradually. 


Ratio 


♦ 


(7-3) 


where  loss  of  pressure  in  the  diffuser.  Is  called  the  coefficient  of  shock 
softening.  Consequently,  the  coefficient  'V  Is  the  ratio  of  losses  of  pressure  in 
the  diffuser  to  losses  of  pressure  during  sudden  expansion. 


Fig.  7-2. 


Coefficient  of  shook  softening,  depending  upon  the  aperture 
angle  and  the  parameter  f  for  diffusers  (—round 
cross-section}  —square  crossosectlon). 
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As  can  bo  soon  from  Fig,  7-2,  the  coefficient  f  depends  weakly  on  the  ratio 

,f  ^  and  the  shapes  of  the  section,  and  mainly  is  determined  by  the  aperture 
^1 

angle  of  the  diffuser  . 

The  use  of  coefficient  <t*  for  design  of  diffusers  is  formal  and  can  be  Justi¬ 
fied  only  by  the  fact  that  the  detected  losses  in  diffusers  turn  out  to  be  larger 
than  frictional  losses  determined  for  non-gradient  flow. 

Indeed,  during  calculation  of  frictional  losses,  as  a  rule,  the  known  for¬ 
mula  (Chap.  5)  is  used: 

ff  (7-i.) 

with  coefficient  «  ,  determined  by  one  of  the  known  formulas  for  non-gradient 
flow,  for  example  by  the  formula  of  Blasius: 

I 

t  =  0,3l64Rc““.  (7-5) 

Here  c,— velocity  on  the  axis  of  the  diffuser)  dx— element  of  length)  D— 
diameter  of  cross  section  of  the  considered  section  and 

(7-6) 

—Reynolds  number. 

The  value  of  the  absolute  frictional  losses  calculated  by  such  a  metho<^  turn 
out  to  be  significantly  smaller  than  experimental  values,  even  for  continuous 
flow,  since  formula  (7-5)  does  not  consider  the  Influence  of  the  pressure  gradient. 
Losses  in  diffusers  of  any  form  for  oontinuoua  flow  can  be  calculated  with 
use  of  the  theory  of  the  boundaiy  layer)  for  example  by  the  method  of  A,  To. 
Zaryankln,  based  on  the  application  of  the  concept  of  energy  thickness. 

For  conical  diffusers  by  means  of  certain  simplifications  by  it  is  obtained 
a  formula  for  the  loss  factor  in  the  following  form; 
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(7-7) 


r  Q.ftW*’”  ft 

,..0.9...  Tj|V  /*/■ 


tJalng  this  cosfflolentt  it  Is  possible  to  calculate  losses  of  pressure  in 
the  diffuser t 


(7-8) 


We  will  compare  the  results  of  calculations  by  the  formula  (7-7)  with  data 
of  the  experifflentt 

From  curves  of  losses  in  Fig.  7-3  it  follows  that  losses  in  an  isogradient 
diffuser*  are  significantly  greater  than  in  a  conical  one.  All  diffusers  had  one 
and  the  same  expansion  ratio  f  »  2.25.  The  change  of  losses  dependittg  upon  the 
number  M|<0,8  shows  that  with  growth  of  velocltyf  losses  are  somevdiat  lowered. 
However^  everywhere  the  value  of  losses  in  the  isogradlent  diffuser  are  approxi¬ 
mately  3  times  larger  than  in  the  conical,  which  Indicates  the  separation  charac¬ 
ter  of  the  flow  in  it. 

Evaluation  of  losses  by  the  formula  (7-7)  for  conical  diffusers  at  •  0.7 
gives  o/o  for  IC/*  and  5  o/o  for  If*  *■  6®,  These  values  of  practically. 


Fig.  7-3.  Change  of  losses  in  different  diffusers  depending  upon  the 

number 

KKTt  (a)  Isogradient  diffuser;  (b)  Conical  diffuser  (u  ■■  d**)}  (c)  Conical 
diffuser  (  u  •<  11®). 


*Diffusers  with  a  constant  value  of  the  pressure  gradient  dp/dx  along  the 
axis  are  called  isogradient  diffusers. 
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coincide  with  the  data  of  the  experiment. 

For  calculation  of  the  distribution  of  velocities  along  the  axis  of  the 
diffuser  we  will  integrate  equation  (5-10)> 


1  (1*- 1)-  "  STi  +*  +  >  d[ 


(7-9) 


where  the  elementary  work  of  friction  can  be  expressed  by  the  loss  factor  in 
the  diffuser. 

As  a  result  of  integration  we  obtain: 

y.-  J  /  .  (7.10) 

whore 


(7-11) 


(7-12) 


Following  the  method  described  in  work  we  will  introduce  by  analogy 

with  the  reduced  expenditure  in  the  given  section  function 


f 

/Ik '  *  -h  *  2  A  •—  <P  — ^-i  /  • 


(7-13) 


During  the  absence  of  losses  ,  therefore  function  can  be 

called  the  generalised  reduced  expenditure.  Knowing  the  distribution  of  speed 
along  the  axis  of  the  diffuser,  by  the  equation  of  Inseparability  with  the  help 
of  this  formula  can  be  foxmd  the  relation  of  pressures  of  full  deceleration  in  an 
arbitrary  section  of  the  diffuser  ^ee  formula  (2-41J7* 


.  —  A  =  ’ 

•“F.I  T 

and  the  corresponding  relation  of  static  pressures: 


(7-14) 
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p  t  .(X,> 

p-rT^i 


(7-15) 


H^ra  9(1)  *  ^l2:q(l)  (see  Chap,  2), 

P 

Calculation  of  the  distribution  of  the  parameters  of  flow  along  the  axis  of 
the  diffuser,  taking  Into  account  viscosity,  shows  that  tho  velocity  of  flow  In  an 
arbitrary  section  is  larger,  b  «  static  and  total  pressure  are  less  than  the  cor¬ 
responding  values  of  these  quantities  obtained  without  calculation  of  the  Influ¬ 
ence  of  viscosity.  Curves  p  show  that  restoration  of  static  pressure  In  the  coni¬ 
cal  diffuser  occurs  most  Intensely  in  the  initial  section.  Further  growth  of  p 
is  abruptly  slowed  down,  and,  starting  from  some  limiting  value  the  pres¬ 

sure  starts  to  drop. 

Formula  (7-15)  also  reflects  the  influence  of  compressibility t  with  an 
increase  of  velocity  at  the  entrance  the  positive  pressure  gradients  Increase 
especially  Intensely  on  the  Initial  section. 

For  evaluation  of  the  accuracy  of  calculation  by  the  formula  (7-14)  in  Fig. 
7-4  are  presented  values  of  no  according  to  data  of  K.  S,  Ssllard  for  a  diffuser 
with  f  ■■  4,92  and  Ya  ■■  4  and  8^,  The  coincidence  of  calculated  and  experimental 
data  should  be  recognized  as  satisfactory  in  the  entire  range  of  numbers 


Fig,  7-4.  Comparison  of  calculated  and  experimental  values  ••  for  coni  ‘^al 
diffusere  with  different  aperture  angles  (experiments  of  K.  S.  Ssilard). 
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Vq  will  conclude  now  with  the  characteristics  of  diffusers  obtained  during 
experimental  investigation. 

Let  ue  consider  in  the  thermal  diagram  the  change  of  state  of  gas  in  a  sub-* 
sonic  diffuser.  Parameters  of  full  stagnation  of  flow  at  the  entrance  in  the 
diffuser  are  determined  by  point  (Fig,  7-5),  and  the  parameters  of  moving  gas 
up  to  the  diffuser  by  point  1. 


A* 

/  I 

_ _ 


Fig*  7-5*  Process  of  change  of  state  of  gas  in  subsonic  diffuser  in 

the  thermal  diagram* 


Compression  in  the  diffuser  occurs  with  the  increase  of  entropy.  This  process 
will  be  depicted  by  line  1*>~2,  and  point  2  corresponds  to  the  parameters  of  gas 
after  the  diffuser*  Point  O2  corresponds  to  the  state  of  completely  stagnant 
flow  after  the  diffuser*  In  the  thermal  diagram  it  is  easy  to  find  corresponding 
power  characteristics:  loss  of  kinetic  energy  4A,  change  of  potential  energy  Hn,, 
and  kinetic  energy  of  flow  in  the  exit  section  Non*  The  energy  loss  factor  in 
the  diffuser,  as  in  the  case  of  a  shook,  is  determined  by  the  formula  (4-33'^)*' 


C  r*--.  ^  A  Ml  V-  ,  \ 


(7-16) 
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whttr*  **  Is  the  oosffleient  of  restoration  of  stagnation  pressure  in  the 
diffuser* 

The  effectiveness  of  the  diffuser  nay  be  eharactarieed  also  by  power 
efficiency 


// 


(7-l6a) 


In  certain  cases  for  evaluation  of  the  diffuser  is  used  another  concept  of 
efficiency}  this  quantity  la  determined  by  the  forcula 


' _ 


Ok 


Where  //^  —change  of  potential  energy  of  flow  in  the  diffuser} 

—difference  of  kinetic  energies  of  flow  at  the  entrance  and  exit  sec¬ 
tions  of  the  diffuser* 

After  substitution  of  //  and  //'  can  be  obtained  the  efficiency  of  the 

"ui»  Ok 

diffuser  in  the  form  of: 


<  t  k+  t 
^A=^Yir=ri 


•-FFT^* 


V 


(7-l6b) 


The  power  efficiency  depends  only  on  losses  of  energy  in  the  diffuser  at  the 
time  whan  t\x  changes  during  the  change  of  the  compression  ratio*  It  is  easy  to 
see  that 

Selection  of  the  optimal  diagram  of  velocities  (or  pressures)  along  the  dif¬ 
fuser  is  accompllshad  on  the  basis  of  variant  calculations. 

The  quantities  h*’*  and  dp/dx.,  determining  the  state  of  flow  In  the  diffuser* 
depend  on  the  expansion  ratio  (ratio  f  •  F^/Fj^)  and  the  aperture  angle  of  the 
diffuser  v.i. «  It  follows  from  this  that  the  form  of  the  optimal  diagram  of  pres¬ 
sures  depends  on  those  geometric  parameters. 

In  diffusers  with  a  smooth  change  of  section  (with  small  aperture  angles) 
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irtth  continuous  flow  It  Is  expedient  to  select  diagrams  with  large  gradients  at 
the  entrance  sections  (diagrams  2  or  5  in  Fig.  7-6, a)  and  with  decreasing  values 
of  dp/dx  in  the  middle  and  exit  sections j  satisfactory  results  can  be  obtained  in 
the  diffuser  with  rectlinear  walls  (diagram  3  in  Fig,  7-6a), 

In  diffusers  with  large  aperture  angles  separation  occurs  in  cross-sections 
of  the  entrance  section.  In  order  to  displace  the  separation  to  the  exit  section, 
it  is  necessary  to  decrease  the  pressure  gradients  at  the  entrance,  i.e,,  to  cross 


Fig.  7-6.  Diagrams  of  pressures  and  flow  areas  of  diffusers  of 

different  form, 

to  the  curve  dp/dx  -  const  (diagram  4  in  Fig.  7-6a,  etc.).  Changes  of  flow  a 

of  diffusers  providing  diagrams  of  the  shown  pressures  are  presented  in  Fig, 
7-6b. 


areas 


7-2.  Subsonic  Diffusers 

I^t  us  consider  Influence  of  basic  geometric  and  regime  parameters  on  effec¬ 
tiveness  of  flat  and  conical  diffusers.  As  it  was  shown,  the  most  important 
geometric  parameters  are  the  aperture  angle  y*  and  the  expansion  ratio  f. 

Prom  the  presented  formulae  (Section  7-1)  it  follows  that  at  the  glvei  dis¬ 
tribution  of  velocities,  the  value  of  the  parameter  r  does  not  depend  on  y,  and 
this  qtientlty  can  be  selected  arbitrarily.  On  the  basis  of  formula  (7-11)  It  may 
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be  concluded  that  at  large  angles  Ya  losses  in  the  diffuser  are  decreased. 

However,  as  experiments  show,  at  8  to  12®  in  conical  diffusers  there 
appears  separation;  losses  of  energ7  at  this  time  abruptly  increase. 

It  is  possible  to  consider  that  the  formation  of  separation  at  a  large  aper¬ 
ture  angle  is  combined  with  a  nonunlfom  distribution  of  velocities  at  the 
entrance.  rost  cases  the  transition  from  the  convergent  channel  part  to  the 
conical  dl.  .user  takes  place  with  a  sharp  change  of  curvature  of  the  walls,  and 
the  Jiunp  in  curvature  increases  with  the  increase  of  Yn  •  Such  a  local  disturbance 
of  boundary  conditions  is  the  cause  of  the  early  separation  of  the  boundary  layer 
during  the  increase  of  angle  Ya.  The  influence  of  the  shown  disturbance  is 
especially  great  in  those  eases,  when  the  botmdary  layer  at  a  significant  distance 
from  the  input  is  laminar. 

Let  us  note  that  the  character  of  nonunlformity  of  the  velocity  field  at  the 
entrance  has  considerable  Influence  on  losses  in  the  diffuser.  Especially  unfav¬ 
orable  is  the  diagram  of  velocities  1,  drawn  out  in  the  middle  part  (Plg.  7-7 ){ 
less  important  is  the  influence  of  nonunifojnnl|y,  IT  the  flow  is  characterized  hy 
increased  speeds  at  the  walls  (diagram  2).  Li'  this  ease  the  losses  can  be 
smaller,  as  compared  to  the  imlfom  velocity  field  (diagram  3)*  Nonunlformity, 
characterized  by  diagram  2  In  Fig.  7-7,  is  favorable  because  in  this  case  the 
boundary  layer  in  the  diffuser  becomes  thinner,  and  the  point  of  separation  is 
displaced  along  the  flow. 

During  regular  organization  of  the  flow  at  the  entrance  into  the  diffuser, 
the  aperture  angle  vn  ney  be  assumed  to  be  increased. 

During  determination  of  the  optimum  aperture  angle  y»  opt,  l.e.,  the  max¬ 
imum  angle  at  which  flow  separation  has  not  yet  occurred,  it  is  possible  for  round 
diffusers  at  low  velocities  to  use  the  formula  of  I.  Ye.  Idel'ehlk: 
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«h.r.  -.xp.rW.1  oo.m.l.,t,  flclng  into  .ccoimt  th.  Influone.  or  th.  non. 

nnlfoml  ,  of  tho  volocit/  rioU  ,t  tho  ontrMioo  to  the  difruoor. 

Ono  ohould  noU  th«t  tho  forauJno  ror  (..pjroprooont  this  qumtlty  In 
dopondonco  upon  tho  KoynoOdo  mmbor,  o  runotion  of  rtilch  lo  tho  dra(  coofficiont 


Flp.  7  7.  tofluonoo  of  chorootor  of  nonunlfornity  of  volooltr  fiold 
4t  the  •ntrance  section  of  the  diffueer  on  losses: 

«  3»105}  «  0  5^  » 


According  to  the  experimental  data  of  K.  S.  Ssilard,  with  the  growth  of 

Kach  number  the  advantage  of  small  angles  increases.  Consequently,  with  an 

increase  of  the  optimum  aperture  angle  should  decrease  (Fig.  7-4).  This 

result  is  evident,  since  the  influence  of  compressibility  appears  in  the  fact  that 

the  longitudinal  pressure  gradients  increase.  So,  during  increase  of  Mach  number 

from  0  to  0.d,Y,optis  decreased  by  O.7-O.9®  (Re^  -  10^).  This  depsndenco  of 

T4opt  on  Kaoh  number  M,  is  less  intense,  than  on  Re, . 

1 

Experiments  show  that  for  round  conical  diffusers,  optimum  values  of  Y^opt 

can  be  taken  wl.thin  the  limits  U^,pt  =  6  to  15®.  The  moat  commonly  used  are  the 
average  values  10-12®. 


An  Important  geometric  characteristic  of  diffuser  is  the  ratio  of  sec; Ions  f. 


At  a  given  speed  at  the  entrance.  Increase  of  pressure  occurs  only  up  to  doTinite 
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limits,  and  In  the  conical  diffuser  and  In  the  diffuser  of  optimal  form,  the  most 
Tiolent  increase  of  pressure  corresponds  to  the  Initial  section# 

The  value  of  parameter  f  corresponding  to  the  maximum  compression  ratio  in 
the  diffuser  is  called  limit  Design  of  diffuser  with  the  largest  ratio 

f  is  not  expedient,  since,  in  this  case,  at  the  exit  section  is  detected  a  lower¬ 
ing  of  pressure# 

Results  of  calculation  show  that  depends  on  the  aperture  angle  of  the 
diffuser  the  dimensionless  speed  of  flow  1,  and  Reynolds'  number  Re^  at  the 
entrance#  With  Increase  of  'ft  and  ,  the  value  of  decreases#  Phys¬ 

ically  this  result  is  explained  by  the  fact  that  with  Increase  of  and  are 
increased  the  pressure  gradients#  Increase  of  Reynolds  number  leads  to  increase 
fmpvA’  Bince  in  this  ease  are  decreased  the  functional  losses  in  the  diffuser* 

One  should  note  that  values  of  /gp,.  taken  in  practice  should  be  lees  than 
the  calculated  values#  Indeed,  the  most  intense  compression  of  gas  occurs  In  the 
entrance  section  of  the  diffuser,  so  1 1tat  in  sections  f  »  2,5  to  3*5  Increase  in 
pressure  Is  nearly  90  o/o  of  the  maximum,  corresponding  to  f„ptt  (for  diffusers 
with  apertiire  angles  ‘f^^  *>  8  to  15°)#  Upon  final  selection  of  one  should 

make  a  detailed  calculation  of  the  boundary  layer  and  evaluate  the  probability  of 
formation  of  separation  by  the  parameter  r<rj. 

Results  of  corresponding  calculations  for  conical  diffusers  are  shown  In  Fig# 
7~8#  It  is  clear  that  the  limiting  values  determined  by  the  conditions  of 

continuous  flow  (r<r^,)i  and  maximum  Increase  of  preseuree  in  the  diffuser  P2/P2^  “ 
0.9(p2/Pj^)  are  considerably  lower  than  the  theoretical  depicted  by 

the  solid  lines# 

For  diffusers  constructed  according  to  rational  distribution  of  pressures, 
the  values  of  can  be  eeleoted  larger,  since  In  this  case  flow  in  the 

diffuser  is  continous. 
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Fig,  7-8.  Limiting  expansion  ratios  of  diffuser  in  dependence  upon 
the  aperture  angle  and  dimensionless  velocity  at  the  entrance. 

The  influence  of  the  form  of  the  diffuser  on  its  basic  characteristics  vas 
partially  considered  in  section  7-1.  As  %fas  shown,  the  solution  of  this  problem 
is  not  universal;  the  optimum  diagram  of  pressures  changes  in  dependence  upon  two 
basic  geometric  parameters— the  ratio  of  sections  f  and  the  length  of  the  diffuser. 

At  small  length  and  large  f,  udien  the  pressure  gradients  at  the  entrance  very 
abruptly  increase,  the  formation  of  separation  in  the  entrance  sections  is  possible. 

In  these  cases  it  is  necessary  to  decrease  dp/dx  at  the  entrance,  and  dif¬ 
fusers  with  constant  pressTire  gradient  turn  out  to  be  more  effective  for  large 
aperture  angles,  i.e.,  small  lexigth  and  large  f.  This  fact  is  clearly  confirmed 
by  the  experiments  of  I.  Ye.  ldel*chlk  with  flot  diffusers  (Fig.  7-9). 

Since  in  isogradient  diffusers,  frictional  losses  are  greater  (in  connection 
with  the  fact  that  §  **  increases  at  the  exit  more  intensely),  the  application  of 
such  diffusers  should  be  considered  to  be  expedient  only  during  aperture  angles 
t,>18®.  In  the  interval  •»  12  to  18®,  the  best  results  are  given  by  diffusers 
with  rectlinaar  walls  (  '{^  «  const).  At  small  angles  '[^<22.°  one  should  eliange 
to  diffusers  with  curvilinear  convex  walls  (curves  2  in  Fig.  7-6). 
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Fig*  7-9*  Change  of  the  lose  factor  in  flat  diffusers  is  dependent 

upon  the  relative  length 

Also  possible  is  the  application  of  combined  diffusers,  the  basic  diagrams 
of  ifhich  are  shown  in  Fig.  7-10*  Special  interest  is  presented  b7  the  step  dif¬ 
fuser.  Increase  of  pressure  here  occurs  in  the  beginning  in  the  usxial  smoothly 
expanding  channel,  and  then  the  press\u'e  increases  during  sudden  expansion  of  the 
cross  section.  Such  diffusers  should  be  applied  for  small  length  and  large 
ratios  f .  For  each  value  of  f  there  exists  a  definite  optimum  length  ,  idiloh 
corresponds  to  the  minimum  losses.  At  the  selected  optlmuip.  aperture  angle  O.opt 
and  f  the  area  of  the  exit  section  of  the  smooth  part  of  the  diffuser 
determined  uniquely. 

Step  diffusers  have  Important  advantages  in  those  cases,  when  it  is  necessary 
to  shorten  the  length  of  the  diffuser.  At  small  Yji  ,  the  application  of  the  step 
diffuser  is  not  expedient,  since  total  losses  during  the  sudden  expansion  increase. 

Bxper  ments  show  also  that  the  effectiveness  of  a  diffuser  Is  influenced  by 
the  form  of  its  cross  sections.  In  round  and  flat  diffusers,  losses  of  energy 
are  minimal.  In  diffusers  with  square  or  reotangualr  croas-seotlon  with  broadening 
in  two  planes  losses  are  higher.  This  is  explained  by  a  different  change  of  pres¬ 
sures  along  the  flow:  pressure  gradients  in  round  and  flat  diffusers  at  identical  F^ 
and  F^  will  bo  less  than  in  square  ones.  In  ncn-clrcular  diffusers,  losses  ars 
incraassd  due  to  the  Interference  of  the  boundary  layers  in  the  corners. 
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Pig,  7-10.  Diagrams  of  combinsd  diffusers. 

dimsers,  c-dif fusers  with 
precsure  gradients  at 

**p.rl«nt.  oonflr.  th.  .IgnlfloMt  l„fi«„c.  „f  imtui  tm.bul.nc.  on 
«hm.ct,rl.Uc.  of  th.  differ  in  full  eonfoncitjr  uith  th.t  uhleh  e  obt.ln.d 
dming  lnY,.tig.tlon  of  th.  boundmy  l.y,r  (oh.pt.r  5).  lo..  f,ctor.  inUna.l, 
increase  with  increase  of  initial  turbulence. 

W.  Uill  concle  Vlth  th.  .«iu.tion  of  th.  inflmnc.  of  th.  b..lc  r.gl». 
pm«Mt.r.,  th.  n»«h,r.,  R.^  „d  on  th.  oh.r.ot.rl.tic.  of  dtffuMr.. 


II  It  1,0  3^ 

V”!!.  Influence  of  numbers 
Re^  and  Mi  on  the  loss  factor  in 
conical  diffusers .  7,  =  5^,^^  p,,  ^  3.,^. 

Btpml-.nt.  .how  th.t  th.  ohmaefr  of  om...  (R.^)  d.p.nd.  on  th.  g.o.«trio 

oh.r.ot.rl.tlo.  of  th.  diffu..r:  „d  f.  Th.  oorr..ponding  om...  aoocrdlng 

to  data  of  diff,r.„l  ln«.tigation.  «•.  .ho«,  In  Pig.  7-U.  A.  o«,  b.  th. 
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Influence  of  Re  is  observed  at  Re  C  3  •  10^  in  dependence  upon  Y-i  $  f  and  the 

^1  I  2 

form  of  the  diffuser.  Let  us  note  that  the  characteristics  (Re^)  at  large 

aperture  angles  and  />4  proceed  with  more  gentle  slope.  Here  is  observed  an 
analogy  with  the  influence  of  initial  turbulence:  at  large  Y;i  the  influence  of 
E  weakens . 


o 

Increase  of  the  number  leads  to  increase  of  pressure  gradients;  in  accord¬ 
ance  with  this,  frictional  losses  in  the  diffuser,  with  increase  nf  starting 
from  Ml >0.7  ,  are  increased.  Compressibility  leads  to  increase  of  windage  losses 
in  the  diffuser;  during  separated  flow,  with  increase  of  the  point  of  separation 
of  flow  is  transferred  to  the  entrance  section. 

At  transonic  speeds  at  the  entrance  (at  .M|<1)  losses  in  the  diffuser  increase 
especially  Intensely,  since  the  pressure  gradients  in  the  entrance  section 
abruptly  increase,  which  loads  to  early  separation  even  for  small  aperture  angles 
(Pig.  7-4).  One  should  to  note  that  the  curves  in  Fig,  7-3  reflect  the  influence 
not  only  of  the  compressibility,  but  also  the  Reynolds  number.  Decrease  of  Ca 
with  increase  of  for  0.1  <Mi<  0.$  is  caused  by  change  of  Re^,  since  in  this 
range  of  Kach  numbers  the  influence  of  compressibility  still  is  not  apparent. 

Let  us  consider  in  conclusion  certain  results  of  experiments,  carried  out  for 
the  pxirpose  of  lowering  of  losses  in  diffusers  with  large  aperture  angles.  Accord¬ 
ing  to  the  data  of  I.  Ye.  Idel'ohlk,  along  with  the  application  of  isogradient 
diffusers,  lowering  of  losses  may  be  attained  by  instalVition  of  grids,  separating 
walls  and  by  the  organization  of  drawing  or  blowing  off  of  the  boundary  layer, 
and  also  by  the  application  of  step  diffusers. 

Experiments  of  V.  Kmonlohk  showed  that  the  installation  of  a  wire  bundle 
leads  to  a  noticeable  decrease  of  losses  in  a  flat  diffuser  with  large  aperture 
angles  (Pig.  7-12, a,  b  and  c).  Analogous  results  were  obtained  for  round  diffusers 
with  a  radial  distribution  of  the  wires  (Fig,  7-12,d), 

The  detected  effect  is  explained  by  the  fact  that  the  resistance  Introduced 
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into  the  diffuser  equalizes  the  velocity  field  at  the  exit  froa  the  diffuser. 
Bquallaing  of  velocities  leads  to  displacement  of  the  point  of  separation  along 
the  floK,  since  the  velocity  profile  by  the  walls  becomes  fuller  (Fig.  7-7) • 

The  optimal  position  and  the  form  of  the  wire  grids  introduced  into  diffuser 
depend  considerably  on  the  form  and  aperture  angle  of  the  diffuser,  and  also  on 
the  flow  regime  (numbers  and  Re-^). 

Investigations  of  V.  Kkonichk  were  carried  out  with  resistances,  introduced 
Inside  the  diffuser.  It  turned  out  that  for  a  flat  diffuser  with  an  aperture  angle 
V,t  “  15",  the  variant  in  Pig.  7-12, a  is  optimalj  for  Y.t  “  30"  the  best  results 
wore  showed  by  variants  b  and  c.  Improvement  of  the  flow  of  gas  in  the  diffuser 
with  large  aperture  angles  can  be  provided  also  with  the  help  of  deep  grooves, 
tiu'ned  at  some  distance  from  the  entrance  section  (Pig.  7-12, e).  The  drawing 
off  of  the  layer  due  to  the  grooves  displaces  the  separation  along  the  flow,  as 
shown  hy  experiments  of  V.  K.  Migaya. 


Pig.  7-12.  Influence  of  local  resistances  on  losses  in  flat  diffusers  9t 

small  velocities. 

KEY:  (a)  Without  wires. 
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7-3*  Exhaust  Ducts  of  Turbomachinas 

Exhaust  of  gas  from  a  tvirbomachine  Is  carried  out  along  the  axis  of  rotation 
or  according  to  structural  conditions  at  a  right  angle  to  it.  Partial  conversion 
of  the  kinetic  energy  of  the  exhaust  into  potential  energy  allows  an  increase  in 
efficiency  of  the  turbomachine.  Such  conversion  is  realisable  in  diffusion 


Fig.  7->13*  Rational  diagrams  of  exhaust 
ducts  of  turbomachines . 

exhaust  ducts ^  various  diagrams  of  which  are  shown  in  Fig. 

The  first  two  diagrams  (a  and  b)  show  the  simplest  curvilinear  annular 
diffusers  Fi>Fi  with  axial  or  diagonal  flow  of  gas. 

The  three  other  ducts  must  provide  a  turn  of  the  flow  at  an  angle  of  90“  to 
the  axis  of  rotation.  In  the  diagram  of  the  duct  in  Fig.  7-13 fO  is  applied  the 
developed  annular  diffuser  1  with  a  diagonal  or  axial  direction  of  flow.  In  such 
a  diffuser  basically  occurs  the  conversion  of  kinetic  energy  into  potential;  the 
turn  of  the  flow  by  an  angle  of  the  order  of  90“  is  realised  even  at  low  velocities 
in  the  scroll  2.  The  exit  part  of  the  duct  (radial  diffuser)  has  relatively  small 
length. 
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Th«  othor  diagram  (Fig.  7-13»d)  ensures  pressure  recovery  after  the  turn  in  the 
radial  diffuser.  In  such  a  duct  It  is  desirable  to  make  the  titrn  in  the  converging 
flow  or,  in  an  extreme  oassj  at  constant  speed* 

As  can  be  seen  from  comparison  of  diagrams  e  and  d,  the  first  diagram  has  sign¬ 
ificantly  larger  axial  dimensions,  and  the  second — radial. 

The  third  diagram  (Fig.  7*>13ie)  is  combined.  Here  are  designed  relatively  short 
axial  (or  diagonal)  and  radial  diffusers.  Consequently,  pressure  recovery  in  such 
a  duct  is  realized  partially  before  the  turn  and  partially  after  it.  Such  a  problem 
is  solved  in  the  diagram  f,  realized  with  a  step  diagonal  diffuser.  The  effective¬ 
ness  of  each  diagram  depends  considerably  on  the  method  of  tui‘n  of  tlis  flow  in  the 
scroll  (during  transition  from  axial  to  radial  diffuser).  This  problem  is  solved 
by  the  corresponding  selection  of  a  rational  system  of  annular  turning  guide  blades 
and  vanes,  established  at  the  turn. 

As  it  was  shown  in  Section  5-15«  in  curvilinear  channels,  there  appear  secondary 
notions  of  the  liquid,  combined  with  nonunifom  pressure  distribution  at  the  turn. 

In  annular  curvilinear  channels,  the  structure  of  the  secondary  flows, depending 
upon  the  ratios  of  diameters  d2/d^f  can  differ  considerably  from  the  ueual  for  the 
simple  ttun.  At  large  values  of  d^/d^  experiment  confirms  the  existence  of  two 
vortexes  in  the  cross-section  of  annular  channel.  If  the  ratio  of  the  dlametera  is 
near  to  unity,  then  in  the  cross-section  will  appear  four  vortices,  located  in  the 
section  of  the  annular  ohannel  (two  internal  and  two  external). 

Bearing  in  mind  what  was  said  above  about  the  Influence  of  the  form  of  the 
section  of  the  ohannel,  it  may  be  concluded,  that  Inescapable  reforming 
of  the  section  of  flow  In  the  ducts  of  turbomachines  should  be  organized  taking 
into  account  additonal  losses,  idiloh  can  arrise  with  this. 

Structurally,  stiffening  ribs  are  necessary  in  ducts.  Selection  of  a  -ational 
diagram  of  the  location  of  ribs  and  their  form,  which  Insures  minimum  losses, 
constl'utea  an  important  problem^in  the  designing  of  ducts. 


Bap«cially  complicated  constructionally  are  exhaust  ducts  of  powerful  steam 
turbines.  Lar{;e  volume  expenditures  of  steam  in  the  condensor  with  constructionally 
limited  axial  and  radial  dimensions  leads  to  a  complicated  diagram  of  the  duct  with 
a  large  number  of  stiffening  ribs.  An  example  of  the  rational  distribution  of  ribs 
at  the  turn  is  shown  in  Pig.  7-13  and  7-17. 

During  investigation  of  exhaust  ducts,  the  main  characteristics  are  determined, 
experimentally,  among  which  are  Included:  a)  a  coefficient  evaluating  power  losses 


/  Fig.  7-14.  Process  in  exhaust  duct  in  thermal  diagram, 

in/ the  duct;  b)  coefficient  of  pressure  recovery,  showing  the  change  in  static 
pressure;  o)  variation  factor  of  the  velocity  field  in  the  exit  section. 

It  is  convenient  to  consider  the  process  in  the  duct  in  the  thermal  diagram 
(Fig.  7-14).  Designating  by  p^j^  and  p^^  the  stagnation  pressures  at  the  entrance 
the  exit  from  the  duct,  by  p  and  p  — the  static  pressures  in  these  sections,  we 

JL 

find  the  power  loss  factor  by  the  formula  (7-16). 

Having  obtained  the  loss  factors  in  the  exit  section  of  the  duct,  its  mean 
value  can  be  found  by  the  equation  of  energy. 

In  Fig.  7-14  are  considered  two  possible  cases:  a)  the  exhaust  duct  of  a 
turbcnaohine  works  as  a  diffuser  (process  1-2);  b)  in  the  exhaust  duct  occurs  lower¬ 
ing  of  pressure  due  to  large  losses  (process  1-2').  Here  it  is  possible  to  indicate 
magnitude  of  kinetic  energy  after  the  branch  pipe  (h^j^),  change  of  potential  energy 

In  the  branch  pipe  (h^j,)  and  losses  (Aft  or  correspondingly  Aft'). 


In  tha  practice  of  laboratory  investigations  of  exhaust  ducts,  other  evaluation 


coefficients  also  find  application.  Thus,  for  example,  the  laboratory  of  turbines 
LMZ  uses  for  evaluation  of  a  duct  the  quantity 

Where  H"  — isentropic  drop  corresponding  to  expansion  from  the  stagnation  pressure 
at  the  entrance  p^^^  to  the  static  outlet  pressxire  p^. 

The  connection  between  the  power  loss  fac^r  and  is  established  by  the  > 

following  obvious  relationships  (Fig.  7-14): 

^  W..  “  {fU  -  /»«)  =  H- 

therefore 

It  follows  from  this  that  C,  includes  the  kinetic  energy  at  the  outlet  from 
the  branch  pipe  -  h2jj  /  It  is  easy  to  see  that  if  C,>1  (//bj>//,i),  ^hen 

Pt<C.Pt  (exhaust  duct  is  not  a  diffuser);  if  C„<1.  then  p^Pv 

For  an  incompressible  fluid,  the  coefficient  of  the  duct  is  defined  by  the 
formula  r  —  P»*  ~  Fi 


Taking  into  account  the  compressibilltyi  C,  csn  be  obtained  in  the  form: 

-fe)"- 

The  coefficient  allows  the  calculation  of  the  powerloss  in  the  exhaist  duct: 

where  —flow  of  gas  through  the  exhaust  duct. 

The  second  characteristic  of  the  exhaust  duct,  the  recovery  factor,  is  dsterndned 
by  thr  formula 


£• 

(  ^  P*  ~  Fi  ^ »  4- » /«! 


(7-19) 
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From  formula  (7-19)  it  is  clear  that  for  the  determination  of  the  quantity  Ip  , 
is  necessary  measurement  of  static  pressures  at  entry  into  the  duet.  Such  an  experi¬ 
ment  is  labor-consuming.  Using  the  discharge  coefficient  Gu  *°  table 

of  gas-dynamic  functions,  pressure  p^  can  be  obtained  by  means  of  calculation. 

The  third  characteristic  of  the  duct  allows  the  evaluation  of  nonxmifot'mity  of 
the  field  of  static  pressures  and  velocities  in  the  outlet  section.  As  was  shown, 
an  important  element  of  the  exhaust  duct  is  the  curvilinear  annular  diffuser. 
Experiments  of  M.  Khlbshta  showed  that  the  loss  factor  for  such  a  diffuser  depends 
on  the  following  geometric  parameters  (Fig.  7-15»a): 

The  ratio  of  the  areas  of  sections  f—p  ;  relative  height  of  the  ring  at 
the  entrance  ;  relative  curvature  of  the  middle  line  ;  relative  length 

of  the  middle  line  and  the  law  of  change  of  area  /(a*)  . 

'ml 

Examples  of  corresponding  dependences  are  shown  in  Fig.  7-15|b.  Curves  show 
that  the  optimum  value  of  lies  within  the  limits  0.25—0.4#  and  with  growth 
of  t  this  magnitude  is  increased.  ^ 

During  design  of  curvilinear  diffusers  is  used  the  concept  of  the  equivalent 
conical  diffuser,  the  length  of  which,  and  also  the  areas  and  F^  coincide  with 
the  corresponding  geometric  parameters  of  the  original  diffuser.  In  accordance  with 
this  is  introduced  the  concept  of  the  equivalent  aperture  angle. 

An  analogous  characteristic  can  oo  used  also  for  annular  curvilinear  diffusers. 

Losses  in  the  annular  curvilinear  diffuser  Increase  with  an  inorsase  in  f  and 
with  a  decrease  in  a^/r^j^. 

A  significant  Influence  on  the  loss  is  rendered  by  the  form  of  the  diffuser 
in  the  longitudinal  section.  The  form  of  the  function  /(a*)  determines  the  change 
of  pressures  along  the  diffuser,  i.e.,  the  structure  of  the  boundary  layer  and 

Selection  of  the  rational  function  f(x}  can  be  carried  out,  for  example,  by 
means  of  evaluation  of  the  change  of  5  a*  for  different  pressure  diagrams.  Thus,  it 


Fig.  7-15*  Diagram  (a)  and  loss  factors  In  a  cur^ri- 
Unaar  annular  dlffusar  Indepandence  upon  the  main 
geonetrlo  parameters  (b,  e  and  d). 


is  necessary  to  consider  the  design  features  of  the  planned  machine. 

Diagrams  of  frequently  applied  annular  exhaust  duets  are  shown  in  Fig.  7-16. 

One  should  note  that  losses  in  such  diffusers,  as  a  rule,  are  small,  If  the  Indl" 
eated  geometric  parameters  are  near  to  optimum.  An  alternate  design  of  diffuser  4 
(Fig.  7*16)  with  maximum  oxurvature  of  forms  gives  maximum  losses,  but  the  alternate 
design  of  diffuser  2  gives  minimum. 

Results  of  the  Investigation  of  annular  diffusers  were  used  as  the  basis  of 
development  of  the  exhaust  ducts  of  the  turbine,  the  diagram  of  which  is  shown  In 
Fig*  7'*17,a.  The  duct  consists  of  a  curvilinear*  annular  diffuser  1  and  scroll  2 


Fig.  7-16.  Diagram  of  the  applied  annular  exhaust  duets 
(a)  and  dependence  of  loss  factors  on  Reynolds  number  Hs^C  3) . 
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(exhaust  part),  in  which  occurs  the  turn  of  the  flow  by  90°.  At  the  entrance  to 
the  scroll  during  the  turn,  the  flow  la  divided  by  the  central  rib  3  artd  spreads 
along  the  curvilinear  channels  formed  by  ribs  4,4',  5,5'  etc.  Design  of  the  channels 
between  the  ribs  is  carried  out  in  such  a  way  that  losses  from  secondary  flows  are 
minimal.  This  will  be  attained  by  design  of  the  channel  to  be  diffusor-type  at 
the  start  and  then  convergent  (  -^^  >  1  and  >  1) . 

The  results  of  the  investigation  presented  in  Fig.  7-1?  b  of  the  branch  pipe 
show  that  its  effectiveness  considerably  depends  on  the  relationship  of  the  areas 
of  the  annular  diffuser  and  the  scroll  /  =  and  =  •  The  largest  values 

of  the  coefficients  are  obtained  for  the  variants  f  2.5  and  f^  1.4b.  With 

increase  of  f  to  3.32  and  during  the  corresponding  decrease  of  f^  to  1.1,  was 
decreased  to  0«75«  The  variant  near  to  optimum  corresponded  to  the  ratios  of 
sections  f  ■>  3.04  and  f^  1.2. 


Fig.  7-17.  Diagram  of  ojdiaust  duct  of  turbine  (a) 
and  its  characteristics  (b). 


Th«  obt&inad  values  of  the  coefficients  and  their  change  in  dependence 
upon  Reynolds  number  Re^  clearly  show  that  for  correct  selection  of  the  ratio  of 
flow  areaS|  the  exhaust  duct  reacts  less  abruptly  to  change  of  this  regine  parameter. 

A  variant  of  the  combined  duct  with  short  axial  and  radial  diffusers  for  the 
condition  of  correct  iiSlection  of  relationships  of  flow  areas  gives  results  near 
to  those  obtained  for  the  first  variant. 

The  Influence  of  compressibility  on  characteristics  of  an  exhaust  duct  can  be 
evaluated  by  the  curves  in  Pig.  7'18.  With  an  Increase  of  is  noted  an  increase 

of  losses  (  yn  is  incrsased),  especially  intense  at  Mi>  0.6.  It  is  characteristic 
that  ducts  with  well-developed  annular  diffusers  are  less  sensitive  to  change 
of  H^( curves  1  and  2  in  Fig.  7-16).  The  branch  pipe  without  a  diffuser  practically 
does  not  react  to  a  change  in  (curve  4)  and  has  5b>1. 

Thus,  the  experiments  carried  out  have  shown  that  introduction  of  axial  and 
radial  diffusers  into  the  design  of  the  exhaust  duct  allows  a  considerable  improve¬ 
ment  of  its  oheracterlstlcs  and  the  providing  of  partial  pressure  recovery  after  the 
turbomaohine . 

By  correct  selection  of  the  form  and  flow  areas  of  diffusers  and  scroll,  and 
also  by  rational  location  of  stiffening  ribs,  it  Is  possible  to  to  increase  the 
effectiveness  of  the  duct. 

Bbiperlments  show  that  in  certain 

eases  an  exhaust  duct  with  vane  cascades 

of  the  diffusion  type  established  on  the 

turn  (Pig.  7-13)  have  noticeable  ndvant- 

V  •r  -r  »-  ages. 

Pig.  7-18.  Characteristics  of  exhaust  Practical  interest  has  the  question 

duct  with  diffuser  (1,  2  and  3)  and 

without  diffuser  (4).  concerning  the  Influence  of  irregularity 

(spin)  of  flow  at  the  entrance  into  the  duct.  Corresponding  experiments  haru  shown 
that  deflection  from  the  axial  entrance  within  the  limits  +  15“  do  not  lead  1.0  a 
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noticeable  change  of  characteristics  of  the  duct. 

7-4,  Supersonic  Diffusers 

Proffl  the  fundamental  equation  of  one-dlmenslonal  floK  It  follows  that  deceler¬ 
ation  of  supersonic  flow  can  be  realised  in  a  pipe  of  variable  section,  the  inlet 
of  which  is  narrowed,  and  the  outlet  of  tdilch  is  widened.  In  the  first  part  speed 
is  decreased  and  will  attain  a  critical  value  in  the  Dlnimum  section.  Then,  in  the 
expanded  part  is  continued  the  process  of  ccapresslon  of  subsonic  flow. 

It  follows  from  this  that,  in  principle,  it  is  possible  to  utilize  a  supersonic 
noszle  with  contoured  walls,  as  an  "ideal"  diffuser,  considering  the  flow  in  it 
turned  (Fig.  7-19).  Due  to  the  smoothness  of  the  contoured  walls,  at  every  point 
of  which  the  flow  accomplishes  a  turn  on  a  small  angle,  in  the  inlet  of  the  diffuser 
should  appear  a  system  of  weak  ccmpresslonal  waves  (characteristics).  Passing 
through  this  system,  flow  is  decelerated  Isentroplcally.  A  system  of  weak  compress- 
lonal  waves  completely  coincides  with  the  system  of  weak  wave  of  rarefaction 
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Fig.  7-19*  Diagrams  of  a  supersonic  (a)  and  transonic 
(b)  diffuser  with  straight  shook  wave  at  the  inlet. 

KEY:  (a)  characteristics;  (b)  shock. 

(characteristics)  in  the  widened  part  of  the  nozzle. 

In  the  throat,  flow  attains  critical  speed  >.  ■‘I.  In  the  widened  part  of  the 


diffuser  velocities  are  subsonic,  decreasing  in  the  direction  of  flow. 


In  reality,  hoviever,  auch  a  dlffuaer  cannot  be  realized,  since  flow  in  it  is 
unstable:  small  disturbances  of  flow  in  the  Inlet  lead  to  final  distwbanees  at  the 
outlet*  This  is  explained  by  the  fact  that  for  a  small  decrease  of  Mach  number  M 
at  the  inlet  into  the  throat  critical  velocity  will  not  be  established,  as  a  result 
of  vdilch,  in  front  of  the  diffuser  wil'.  appear  a  departed  wave.  Actually  the  field 
of  the  flow  proceeding  into  the  diffuser  from  the  Laval  nozzle,  as  a  rule,  is  non*> 
uniform  and  saturated  with  shocks.  Besides,  due  to  the  appearance  of  losses  in 
the  inlet  and  formation  of  a  boundary  layer,  the  character  of  change  of  flow  areas 
will  not  correspond  to  the  calculated  change.  As  a  result,  in  the  inlet  appears 
a  system  of  shocks. 

The  process  of  movesMnt  of  gas  in  a  diffuser  is  constructed  in  the  thermal 
diagram  by  a  known  method  (Fig.  7*^0)*  Point  1  corresponds  to  the  state  of  flow  at 
the  inlet  into  the  diffuser.  Line  1>~2  conditionally  depicts  the  process  of  com¬ 
pression  of  gas  in  the  system  of  shocks  in  the  supersonic  part  of  the  diffuser. 

The  corresponding  increase  of  entropy  A5|  characterizes  basically  the  wave  losses 
in  the  inlet  of  the  diffuser.  Behind  the  shocks  is  established  pressure  If 
PWpo:<s,,then  behind  the  shocks  the  flow  is  still  supersonic  and  in  the  narrowed 
part  of  the  diffuser  compression  of  the  gas  is  continued.  If  p^^  /  Pq2  >«»  > 
flow  behind  the  shocks  is  subsonic.  This  means  that  in  the  narrowed  part  up  to 
the  minimum  section  the  flow  will  be  accelerated  and  its  pressure  will  fall.  If  in 
the  minimum  section  the  velocity  of  flow  will  attain  the  critical  value,  then  in  the 
widened  part  A>l  •  In  this  case  deceleration  of  flow  will  occur  in  the  system  of 
shocks  after  the  narrow  section.  Increase  of  entropy  Ast  is  caused  by  losses  in 
the  subsonic  part  of  the  diffuser. 

Let  us  note  that  full  change  of  potential  energy  in  a  supersonic  diffusur  H,m 
can  be  considered  as  the  sum  of  the  change  of  potential  energy  in  the  systeo  of 
shocks  ?i>>.  and  in  the  subsonic  part  /ion. 

it  small  supersonic  speeds  at  the  inlet  (  1.5)  it  is  possible  to  afply 
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Fij?.  7-20.  Process  of  change  of 
state  In  a  supersonic  diffuser 
in  a  thermal  diagram. 


the  usual  vddened  subsonic  diffusers 
(Pig.  7-19|b),  In  this  case  before  the 
widened  part  there  appears  a  normal  shock 
wave,  in  which  flow  changes  to  subsonic 
speeds.  In  the  widened  part  is  continued 
compression  of  subsonic  flow.  Loss  in 
such  a  diffuser  can  be  moderate,  since 
at  Ml  <1.5  wave  losses  in  shocks  are 
small. 

Hydraulic  calculation  of  a  supersonic 
diffuser  is  based  on  equations  of  one- 
diasnsional  flow.  With  the  help  of  the 


equation  of  energy,  the  power  efficiency  of  the  diffuser  is  determined  by  the 
formulas  (7-16)  and  (7-l6a). 

Sections  of  the  diffuser  are  calculated  by  the  equation  of  continuity,  which 
(for  the  narrowed  part)  can  bo  written  in  the  form  of: 

=  P, 

where  p'  and  i'  are  the  density  and  velocity  In  the  minimum  section  of  the 

*  . 

diffuser. 

After  transformation  we  will  obtain: 

I /  (7-20) 

Fjj  .TI7  Y  f*Px  ^1  />,| 

If  in  the  narrow  section  the  critical  velocity  He  ^  established,  then 

1/ “ 


or 


i-i— !  X* 


where  C,,  is  the  loss  factor  in  the  narrowed  part  of  the  diffuser. 


(7-22) 


Formula  (7-22)  shows  that  with  Increase  of  losses  in  the  narrowed  part,  the 


ratio  of  sections  FJF^^  is  Increased.  Hence,  it  also  follovrs  that  for  a  fixed 
value  of  change  of  parameters  at  the  inlet  leads  to  change  of  losses  in 

the  narrowed  part.  Comparing  the  two  flow  regimes  for  identical  initial  conditions 
with  different  losses,  front  expression  (7-22)  can  be  obtained  the  formula,  showing 
that  the  mlnimvmt  section  of  the  diffuser  must  be  increased  in  proportion  to  the 
change  of  stagnation  pressure  in  section  F^  : 


or 


Here  is  the  stagnation  pressure  in  the  critical  section  for  the  given 


(7-23) 


regime;  p*  is  the  same  for  another  regime. 
0* 


Fig.  7-21.  Efficiencies  of  a  supersonic  diffuser 
in  dependence  upon  H  .1— with  a  normal  shook  in 
the  throat;  2 — with  a  normal  shook  at  the  inlet. 

For  design  of  the  inlet  of  the  diffuser  it  is  necessary  to  know  the  value  of 
the  loss  factor  and,  consequently,  the  structure  and  position  of  shock  waves  in 
this  section.  In  the  simplest  case  it  is  possible  to  assume  that  in  the  inlet  is 
located  only  one  normal  shock.  The  magnitude  of  ,  depends  on  the  location  of 
the  normal  shook.  If  the  shook  appears  in  section  Fj,,  energy  losses  will  be 
maximum;  if  the  shook  is  located  in  the  narrow  section,  losses  will  be  siimifi- 
cantly  lowered. 

For  Illustration,  in  Fig.  7-21  are  shown  the  corresponding  efficienci»8  of  the 
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diffuser  and  for  two  extreme  cases  (l — ^with  a  normal  shock  In  the  throat j 
and  2— with  a  normal  shock  in  the  inlet),  and  also  experimental  values  of  efficiency. 
Comparison  shows  satisfactory  coincidence  of  calculated  and  experimental  values. 

The  outlet  of  the  diffuser  is  determined  by  the  equation  of  continuity.  The 
loss  factor  in  the  widened  part  of  the  diffuser  C^,  in  the  first  approximation  can  be 
obtained  by  the  data  of  tests  of  subsonic  diffusers.  They  are  given  as  velocities 
from  the  outlet  of  the  diffuser. 

The  full  loss  factor  in  the  diffuser  can  be  found  by  the  formula  (fr  i'  «•  1) 


P 


Stagnation  pressure  behind  the  diffuser  Is  determlmd  by  equation 


I  /*--  •  _ I  I 


(7-24) 


Wave  losses  at  the  inlet  can  be  decreased  by  introducing  stepped  deceleration 
of  flow  in  the  inlet  (Chapter  4). 

Deceleration  in  the  system  of  shocks  is  realised  by  different  methods.  One 
of  the  methods  consists  of  constructing  the  walls  of  the  inlet  section  with  fissures 
(Fig.  7-22a).  The  best  result  can  be  obtained  with  the  help  of  a  contoured  needle 
(Fig.  7-22, b).  In  diffusers  of  Jet  engines  an  analogous  system  of  stepped  deceler¬ 
ation  is  applied  (Fig.  7-22|0). 

For  decrease  of  wave  losses  at  the  inlet  a  system  of  rsfleoted  shocks  is  also 
used  (Fig.  7-22, d  and  >22,0). 

Design  of  a  supersonic  diffuser  with  stepped  deceleration  consists  of  several 
stages.  In  the  beginning  a  system  of  shocks  is  established  at  the  inlet  and  total 
pressure  recovery  and  wave  loss  factor  in  the  system  of  shocks  ai‘Q  determined.  Then 
according  to  the  given  flow  the  critical  section  is  calculatsd: 


where 


is  the  coefficient  of  total  pressure  recovery  in  the  system  of 


Shooks. 


It  it  •xpadicnt  to  nako  the  Initial 
•action  of  the  widened  part  of  the  diffuser 

conical.  The  outlet  part  of  the  diffuser 
is  designed  according  to  the  selected  ra¬ 
tional  distribution  of  pressures  (Section 
7-1).  By  the  results  of  calculation  of 
the  boundary  layer,  losses  of  energy  in  the 
subsonic  part  of  the  diffuser  ^^jsnd,  for 
the  selected  area  of  the  outlet  section 
Ft  the  vsloeity  at  the  outlet  from  the 
diffuser  1,  are  determined. 

Let  ue  consider  certain  characteristics 
of  operation  of  the  supersonic  diffuser 
for  off -design  conditions.  The  regime 
in  the  diffuser  can  change  as  a  result 

Fig.  7*'22.  Diagrams  of  aupsrsonlo 

diffusers  vdth  stepped  deceleration  of  change  of  the  parameters  of  flow  at 

of  flow  in  a  system  of  shock  waves.  j 

KEIt  (a)  shocks.  the  inlet  (  Pt, /  and,  consequently, 

flow  of  gas  G)  and  outlet  pressure  p^. 

Let  us  assume  in  the  beginning  that  the  parameters  of  flow  at  the  inlet 

and  flow  Uirough  the  diffuser  remain  constant,  and  we  will  follow  the  influence  of 

the  changing  counterpressure  Let  us  assume  that  in  section  the  velocity 

is  equal  to  critical,  but  the  pressure  of  the  medium  is  significantly  lower  than 

calculated  p,  ) .  In  this  case  the  widened  part  of  the  diffuser  operates  as  a 

supersonic  nozalo.  On  the  outlet  in  dependence  on  p^  appear  waves  of  rarefaction 

or  slanting  shocks.  With  increase  of  p^  the  system  of  shocks  is  reconstructed (  at 

pressure  at  the  outlet  section  a  bridgs-like  shock  is  located}  upon  further 

increase  in  p  ,  the  shook  is  transferred  Inside  of  the  expanded  part  and  troves  to 

li 

the  minimum  section.  At  a  certain  limiting  counterpressure  p^  •“  the  'hock 
is  located  in  the  throat  of  the  diffuser  (narrow  section);  flow  in  the  wid  ned  part 
la  completely  subsonic.  To  such  a  regime  with  a  shook  In  the  throat  corre  ponds 


th#  maxiinuin  comprassion  ratio  in  the  diffuser. 

The  corresponding  graphs  of  the  distribution  of  pressures  alo:»g  the  diffuser 
at  is  shown  in  Fig.  7-23, a  (curves  OAC,  OADS,  etc.).  This  part  of  the 

diagram  of  pressures  conpletely  corresponds  to  the  diagram  of  pressures  in  the  nozzle 
for  the  second  and  third  groups  of  regimes. 

Further  increase  of  counterpressure  leads  to  change  of  the  parameters  of  flow 
(pressure  and  density)  in  the  narrow  section  and  in  the  inlet. 

Let  us  consider  now  the  influence  of  change  of  parameters  of  flow  at  the  inlet 
into  the  diffuser.  Let  us  assume  that  the  pressure  behind  the  diffuser  is  maintained 
constant  (P|^<P2m)‘  Velocity  at  the  inlet  is  increased.  At  subsonic  speeds 
at  the  inlet  (A,*  <  1)  in  the  narrowed  part|  flow  is  accelerated  and  maximum  velocity 
will  be  attained  in  the  narrow  section  .  With  increase  of  l*  the  flow  of  gas 
and  the  velocity  in  the  naiTow  section  i  ^  increase. 

At  some  value  1|"<I  the  velocity  In  section  equals  critical 
Further  Increase  of  flow  at  constant  static  pressure  In  front  of  the  diffuser  becomes 
impossible.  In  accordance  with  thisi  the  Increase  of  speed  A,'>A,"  will  entail  an 
Increase  in  pressure  in  the  Inlet  section  of  the  diffuser  and  in  all  other  sections 
of  the  narrowed  part}  as  a  resulti  at  A'>iln  front  of  the  diffuser  will  appear 
a  shook.  With  Increase  of  A,'  the  shock  approaches  the  diffuser  and  at  a  certain 
value  of  A|'  Is  located  In  the  inlet  section  F  .  If  the  shook  in  the  Inlet  is  normali 
then  In  the  narrowed  part  flow  is  subsonic  and  accelerated  toward  the  minimum  section. 
So  that  the  normal  shook  (or  system  of  shocks)  penetrates  into  the  narrowed  part  of 
the  diffuser,  further  increase  of  velocity  a,'  is  necessary  (  A,*>A,  ). 

Since  during  movement  of  the  shook  toward  the  throat,  losses  of  energy  are 
decreased,  then  in  the  minimum  section  the  critical  velocity  can  occur  again.  In 
certain  oases  at  p  "p.  during  transition  to  the  widened  part,  the  flow  continues 
to  be  accelerated  and  becomos  supersonic.  Then  in  the  widened  part  of  the  diffuser 
appear  shocks.  In  such  regimes  losses  in  the  diffuser  abruptly  increase.* 

1-.  ia  shown  by  the  dashed  and  dotted  line  in  the  diagram 
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Fig.  7-23.  Distribution  of  pressures 

In  s  supersonlo  diffuser  at  different 

regioes . 

KEY:  (a)  shock* 

The  considered  regimes  ore  Illustrated  by  graphs  of  the  distribution  of  pres¬ 
sures  In  Fig,  7-23, b.  At  the  simultaneous  appearance  of  shocks  in  the  narrowed 
and  widened  parts  of  the  diffuser,  distribution  curves  of  pressures  assume  the 
oharaoterlstlo  loop-shaped  form. 

Consideration  of  operational  conditions  of  a  supersonic  diffuser  at  olf-design 
conditions  shows  that  the  ratio  of  sections  must  change  during  charts  of 

the  parameters  of  flow  at  the  inlet  or  outlet.  In  the  period  of  starting  the  ratio 
maximum.  In  operation  any  disturbance  of  the  regime  can  b;* 
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partially  componaated  by  corresponding  change  of  the  ratio  • 

Will  analyze  in  more  detail  the  variable  regimes  of  a  diffuser  with  changing 
minimum  section  in  the  process  of  operation.  If  the  minimum  section  is  decreased 
graduallj’  from  to  that  value  with  which  velocity  ~  1,  then  flow 

of  gas  through  the  diffuser  will  be  kept  constant  (0  «  gF^  ^1®1^*  However, if  the 
area  of  the  throat  is  further  decreased,  then  flow  through  the  diffuser  will  be 
decreased.  Near  the  narrow  section  will  appear  a  shock  wave,  since  the  narrowed 
throat  represents  additional  resistance.  Due  to  increase  of  entropy  in  the  shock, 
the  pressure  in  the  minimum  section  drops,  but  velocity  and  temperature  are  kept 
maintained  constant.  Due  to  the  decrease  in  density,  flow  Is  decreased  to  a 
still  larger  degree  and  the  shock  will  move  against  the  flow.  The  intensity  of  the 
shock  will  grow.  Movement  of  the  shock  in  the  direction  against  the  flow  will 
continue  until  it  goes  beyond  the  inlet  section  the  shock  will  occupy  a  position 
relative  to  F^^;  at  which  a  part  of  the  gas  will  go  out  into  the  external  flow  pass¬ 
ing  the  diffuser  (Fig,  7-24, a).  j 

Upon  further  decrease  of  ,  the  shock  will  move  against  the  flow,  providing 
the  necessary  decrease  of  flow  through  the  diffuser;  the  intensity  of  the  shock  will 
be  maintained  practically  constant. 

Considering  now  the  reverse  process— increase  in  ,  it  may  be  concluded  that 
if  attains  that  value  at  which  the  shock  first  appeared,  then  the  shook  will 
not  disappear,  since  the  decreased  density  in  the  throat  causes  partial  expulsion 
of  the  mass  of  gas  into  the  external  flow.  Consequently,  must  be  increased  to 
such  limits  in  order  to  to  compenaate  for  the  decrease  in  density  in  the  throat. 
Subsequent  increase  in  F,^  will  lead  to  displacement  of  the  shock  inside  the  diffuser 
and  will  provide  a  constant  maximum  flow  through  the  diffuser. 

That  which  was  stated  shows  that  in  the  diffuser  with  a  throat  of  variable 
section  are  observed  hysteresis  phenomena.  Graphs  in  Fig.  7-24, b  additionally 
Illustrate  these  phenomena.  In  the  diagram  of  the  dependence  of  g/G  on  f,  (, 
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Fig.  7*^4.  Diagram  of  a  diffuser 
with  regulated  minimum  section 
(a)  and  its  discharge  charaoier- 
iatlc  fb)  different  regimes, 

KET:  (a)  shocks. 

(0  la  the  flow  through  the  diffuser;  0^  gP^  ),  it  is  possible  to  indicate 

the  point  A,  corresponding  to  »=  P^^  (G  “  G^).  With  decrease  of  p.,  flow  is 
kept  constant  up  to  point  B,  which  corresponds  to  «  1  in  the  throat;  in  front 

of  the  diffuser  appears  a  shock,  <md  flow  falls  to  the  value  at  point  D.  Purther 

decrease  of  f,,  leads  to  change  of  flow  along  the  line  DO, 

With  increase  in  the  shock  in  front  of  the  diffuser  is  maintained  up  to 
that  value  of  which  corresponds  to  point  E.  The  diffuser  returns  along  the  lino 
ODEA  to  the  original  point  A.  As  a  result, a  hysteresis  loop  BBDB  will  be  formed, 
and  in  order  to  establish  the  state  of  flow  in  the  diffuser  at  arbitrary  p^  ,  it 

is  necessary  to  know  what  the  direction  of  change  of  p  was. 

It  Is  necessary  to  undarline  the  fact  that  regimes  with  shock  waves  in  front 
of  the  diffuser  are  characterised  by  a  sharp  increase  of  resistance.  The  dimension 
of  the  hysteresis  loop  depends  on  Mach  number  with  whose  growth  segment  BD  is 
displaced  to  the  left  (Fig.  7“24,b).  One  should  nots  that  tha  rsgion  between  curves 
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X  And  2  in  Fig.  7-24  characterizes  xmstable  operating  regimes  of  the  diffuser,  vdth 
which  a  shock  can  appear  and  disappear. 


i)) 


Fig.  7-25*  Diagrams  of  spectra  in  diffusers 
with  stepped  deceleration  at  the  inlet  for 
different  regimes. 

As  it  was  shown,  in  practice,  controlled  supersonic  diffusers  (Fig.  7’*23)  with 
stepped  deceleration  at  the  inlet  are  applied. 

In  those  cases  when  the  internal  cone  has  the  possibility  of  axial  dlsplace- 
BMnts,  it  is  possible  not  only  to  improve  the  conditions  of  starting  and  operation 
of  the  supersonic  diffuser,  but  also  to  provide  higher  efficiency  of  the  diffuser 
at  rated  and  off-design  conditions. 

Change  of  velocity  of  flow  at  the  inlet  in  such  diffusers  leads  to  change  of 
the  angles  of  slope  of  the  shocks;  at  the  angles  o/ shocks  are  decreased 


but  at  M  <  N  I  they  are  increased. 

1  Ip 

In  the  first  case  (Pig.  interaction  of  the  shocks  with  the  opposite  wall 

will  occur  Inside  the  throat  or  in  the  widened  part.  Also  possible  is  distortion 
of  the  shock  near  the  external  surface  of  the  diffuser.  During  flow  around  the 
edge  there  appears  a  wave  of  rarefaction  ABC;  as  a  result  flow  at  the  inlet  in  the 
diffuser  becomes  nonuniform. 

In  the  second  case,  when  M  <  M  .  shocks  do  not  occur  at  the  entrance  of  the 

1  IP 

diffuser  (Fig.  7‘*25«b).  For  this  reason  the  flow  of  gas  through  the  diffuser  is 
decreased  and  the  wave  losses  in  the  shocks  (Chapter  4)  increase.  At  the  entrance 
of  the  diffuser  appears  a  wave  of  rarefaction  ABC. 

At  decrease  of  the  velocity  of  flow  before  the  second  turn  (point  D)  can 
become  less  than  that  value  at  which  is  still  possible  the  existence  of  a  rectilinear 
shook  (angle  ).  In  this  ease  distortion  and  depSTture  of  the  shock  from  the 

corner  occur;  losses  at  the  inlet  in  the  diffuser  noticeably  Increase. 

Characteristics  of  a  controlled  diffuser  for  variable  velocities  at  the  inlet 
are  presented  in  Fig.  7‘‘26. 


Fig.  7*^6.  Coefficients  of  stagnation 
pressure  recovery  in  supersonic  diffusers 
for  variable  regimes.  Numbers  on  the 
dotted  curves  indicate  the  number  of  shocks 
(by  calculation).  Experimental  points  are 
drawn  for  a  four-shock  diffuser. 

The  position  of  the  normal  shock,  closing  the  system,  depends  on  the  latlet 
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of  tho  dlffuaor.  If  the  outlet  becomes  larger  than  rated,  then  the  normal  shock 
In  the  throat  dioes  not  occur— flow  remains  supersonic  in  the  widened  part,  where, 
as  it  was  shown  above,  there  appears  a  system  of  shocks,  in  vdtich  flow  changes  to 
subsonic  velocities. 

Upon  decrease  of  the  outlet,  the  normal  shock  is  displaced  from  the  throat  in 
the  direction  against  the  flow.  In  both  oases  wave  losses  in  the  diffuser  increase. 

7-5  •  The  E.lector  Stage* 

Gas  ejectors  find  wide  and  varied  application  in  technology.  In  such  apparatuses 
mixing  of  gas  flows  occurs  (in  the  simplest  and  most  wide-spread  case— two}*  As  a 
result  of  mlxlngj parameters  of  deceleration  and  the  static  parameters  of  mixing  flows 
change.  The  main  oharacteristio  of  the  physical  process  in  the  ejector  is  that  the 
mixing  of  flows  occurs  at  high  velocities  of  the  ejecting  (active)  gas. 

The  principle  of  action  of  the  ejector  stage  can  be  comprehended  from  consid¬ 
eration  of  the  diagram  presented  in  Fig.  7-27*  Main  elements  of  the  stage  are 


nosBle  A,  mixing  chamber  B  and  diffuser  C^.  Ejecting  gas  under  pressure  moves  to 
the  nossle  A.  Expanding  in  the  nozzle,  the  flow  of  gas  acquires  in  section  1 
supersonic  speed.  In  the  mixing  chamber  B  a  stream  of  active  gas  interacts  with 
the  ejected  (passive)  medium  and  carries  it  along  into  the  diffuser,  where  compression 

♦Article  A  7-5  vas  composed  with  the  participation  of  M.  V.  Pollkovskly; 

Articles  7-6  and  7-7  were  written  Jointly  with  A.  V.  Robozhevyy. 

**Tho  diffuser  of  the  supersonic  ejector  usually  consists  of  a  conical  inlet 
section,  cylindrical  throat  and  widened  outlet  section. 


of  the  formed  mixture  occurs. 

Experimental  study  of  the  mechanism  of  ejection  in  the  mixing  chamber  shows  that 
the  most  important  influence  on  the  process  of  mixing  is  rendered  by  the  turbulence 
of  the  flows  and  the  wave  structure  of  the  supersonic  ejecting  stream. 

Study  of  the  spectra  of  the  axially- symmetric  superaonJ.c  stream  (Fig.  6-26  and 
6-29)  allows  us  to  establish  that  with  moving  away  from  the  nozzle,  on  the  periphery 
of  the  stream  a  boundary  layor  will  be  formed.  In  the  annular  boundary  layer  speeds 
change  from  small  subsonic  on  the  periphery  to  supersonic  in  the  section  adjacent 
to  the  flow  core.  Iiet  us  note  that  In  accordance  with  the  wave  spectrum  of  the 
stream  the  static  pressure  along  the  axis  of  the  flow  core  periodically  changes. 

Along  the  diameter  of  the  stream,  pressures  are  also  distributed  nonuniformly:  in 
the  stream  will  be  formed  transverse  pressure  gradients.  In  sections  behind  shocks 
pressure  gradients  are  directed  toward  the  periphery  of  the  stream,  and  in  sections 
behind  waves  of  rarefaction— toward  the  axis  of  the  stream.  In  the  subsonic  section 
of  the  boundary  layer  static  pressure  is  near  to  the  pressure  of  th«  medium.  At  some 
distance  from  the  nozzle  the  entire  stream  becomos  subsonic:  in  this  region  static 
pressure  is  distributed  along  the  axis  and  the  section  practically  uniformly. 

These  properties  of  the  field  of  the  axially  symmetric  supersonic  flooded 
stream  allow  us  to  conclude  that  between  the  external  medium  and  the  stream  there 
occurs  continuous  exchange  of  particles.  Transverse  displacements  of  particles 
from  the  boundary  layer  into  the  core  and  from  the  core  Into  the  botuidsry  layer 
take  place  with  an  intensity  which  Is  variable  along  the  axla. 

We  will  return  to  consideration  of  the  process  in  the  ejector  stage  (Fig.  7-27) » 
In  section  2  mixed  flow  with  a  nonuniform  velocity  profile  fills  the  inlet  part  of 
the  diffuser.  In  section  2-3  in  the  throat  of  the  diffuser  further  mixing  of  flow 
occurs?  In  section  1-2  the  process  of  mixing  can  be  considered  approximately 
iso1:«rie.  In  section  2-3  mixing  and  equalizing  of  flow  aro  accompanied  by  tn 

increase  t  average  presawe  in  the  section.  In  the  outlet  part  of  the  diffuser 

■»The  .  ilot  part  and  throat,  of  the  diffuser  sometimes  are  called  the  ml»ing  chamben 


(section  3-4)  there  occurs  further  increase  of  pressure. 

In  the  literature  sometinitBs  another  diagram  of  the  process  of  mixing  is  consid¬ 
ered,  when  the  distance  between  the  exit  of  the  nozzle  and  the  Inlet  of  the  throat 
of  the  diffuser  x  «  0.  Such  ejectors  (compressors)  are  called  ejectors  with  a 
cylindrical  mixing  chamber  or  with  constant  area  of  nixing. 

However, the  indicated  difference  hM  no  special  meaning,  since  the  considered 
diagram  (Fig.  7-2?)  can  be  changed  into  the  other  by  means  of  continuous  decrease 
of  the  magnitude  of  x  to  zero. 

For  determination  of  the  parameters  of  mixed  flow  in  the  outlet  of  the  throat 
(section  3)  ve  will  use  the  equations  of  momentum,  energy  conservation  and  continuity. 
In  the  first  approximation  we  will  consider  that  the  field  of  pressures  and  velocities 
in  sections  1  and  3  ere  vudform;  influence  of  force  of  the  wall  on  flow  is  absent; 
the  pressure  forces  acting  on  the  flow  from  the  wall  of  the  throat  do  not  leave 
axial  components;  frictional  forces  in  the  first  approximation  also  can  be  disregard¬ 
ed.  Therefore  the  change  of  momentum  between  section  1  and  3  equals  the  difference 
of  the  pulses  of  pressure  forces  in  these  sections.  Consequently,  the  equation  of 
momentum  for  sections  1—3  can  be  written  in  the  form: 


I  +^'  <■. + />.  (F..  -  f .)  - 


(7-25) 


where  G— rate  of  flow  of  ejecting  (active)  gas; 

e.,,  p,— speed  and  pressure  in  the  outlet  of  the  nozsls  during  Isentroplo  outflow; 

11  1 

e^  ,  — flow  rate  and  velocity  of  ejected  (passive)  gas; 

0^,  p^  —velocity  and  pressure  of  mixed  flow  in  the  outlet  of  the  throat  of  the 
diffuser; 

F,— area  of  section  of  throat  of  diffuser  and  outlet  of  nozzle. 

In  the  general  case  the  sum  of  momentum  and  pressure  forces  l.e.  pulse  of  flow. 
Is  expressed  by  the  formula  of  B.  K.  Kiselev  [(2-44)  and  (2-45)]. 

Placing  expression  (2-44)  into  the  equation  (7-25),  we  obtain  after  simple 


ii  o/-. 


transf  omatlons : 


.fL±' 

2* 


(7-26) 


where  XT=:QjGy  —coefficient  of  ejection; 
a.|,  end  a,3  critical  velocities  of  active,  passive  and  mixed  flows; 

—dimensionless  velocity  at  outlet  from  noszle  for  Isentropic  outflow. 
It  Is  possible  to  express  the  flow  of  active  gas  by  the  formula 


where  p.  is  the  density  In  the  critical  section  of  the  nossle; 


(7-27) 


(7-28) 


bearing  in  mind  that  ^  ^  and  introducing  function  I  [formula  (2-45) ]| 

wo  will  respresent  equation  (7-26)  in  the  form:  ^ 

♦(»«)+f¥i*  prvf-r"'K;j 

=(i 

Where  T^— stagnation  temperature  of  mixed  flow. 

The  ratio  of  stagnation  temperaturos  and  can  be  expressed 

with  the  help  of  the  equation  of  energy: 

Hence,  considering  the  heat  capacities  of  the  mixed  flows  to  be  Identical,  we 


coew  to  the  expression 


_ f»t _ -  —  LiH’ 


(7-29) 


where  t,  is  the  relative  stagnation  temperature  of  passive  flow: 

r*? 


'  •! 


Let  us  note  that  critical  velocities  a.,  and  a^^  ,  a  .  and  a  of  the  flows  are 

♦1  *2  *1  »3 

connected  by  the  obvious  relationships: 


'a* 


1)03 


Placing  •xpression  (7-29)  into  the  equation  (7-28),  we  obtain; 


(7-30) 


=  K0+»)(1+«.)'MA,). 

Equation  (7-30)  establishes  the  connection  between  the  dijnensionless  gas-dynamlo 
paraineters  pjp»,  *,  and  1,  and  the  geometric  characteristics  of  the  ejector 
^3^  t  should  bear  in  mind  that  the  ratio  -i-  also  is  a 

function  of  .  The  velocity  l,  is  usually  small,  and  in  practical  oaloulatlona  it 
is  possible  to  disregard  the  second  term  of  the  equation. 

Analysis  of  equation  (7-30)  shows  that  for  the  given  values  of  pjp, 

and  t, ,  the  velocity  in  the  inlet  of  the  throat  1,  is  determined  ambiguously;  equation 
(7-30)  is  satisfied  by  two  values  of  connected  by  the  equation 


The  physical  meaning  of  the  ambiguity  of  determination  of  l,  is  obvious,  if 
one  considers  that  In  a  normal  shock  wave  the  velocities  in  front  of  the  shock  and 
behind  it  are  connected  by  the  same  kind  of  relialonship.  Inasmuch  as  in  the  shock 
the  pulse,  flow  of  gas  and  stagnation  temperature  do  not  change,  the  fundamental 
equation  of  the  ejector  stage  (7-30)  remains  correct, independently  of  whether 
or  not  there  appears  a  shock  in  the  throat.  With  a  sufficiently  long  throat  which 

'O 

provides  equalizing  of  the  mixed  flow,  there  usually  is  realized  a  subsonic  solution 
of  equation  (7-30).  Transition  to  subsonic  flow  occurs  in  the  system  of  shocks  in 
the  throat. 


Equation  (7-30)  senres  for  determination  of  the  basic  geometric  characteristic 
of  the  ejector  atage  #  or,  if  this  magnitude  is  known,  equation  (7-30) 

can  be  used  for  determination  of  the  gas-dynamic  parameters  %  and  pjp»  or  a  and 
/  Pq  under  the  conditions  of  variable  regime.  In  the  last  case,  it  is  necessary 
to  use  atill  one  aquation-continuity,  which  allows  us  to  determine  the  stagnation 
pressure  in  section  3. 


The  equation  of  continuity  for  the  outlet  of  the  throat  is  presented  in 

anu 


ih«  form: 


0,4-0,=F.j^p/,g. 


Aft«r  division  I17  mi  find: 


Sines 


than 


^** '*’* 


Noiloing  that 


--tl.  and  —  =ri/r  =  I  /1±  *-5 

f*  Ji*  P»  *  +  *'i  *•!  '  “  y  l  +  »  ’ 


VS  finally  obtain: 


(7-31) 


nrom  aquation  (7-31)  it  foUovs  that  ths  stagnation  prsssurs  in  ths  outlet 
of  ths  throat  depends  on  velocity  %,  t*  and 

Static  prsesurs  p^  after  the  diffvussr  Is  oonneoted  with  the  stagnation  pressure 
P^  and  dimensionless  velocity  at  ths  outlet  from  ths  diffuser  by  ths  obvious 
relationship:  * 

Usually  Tsloolty  ;i^  is  small  and  in  first  order  of  approximation  it  is  possible 
to  consider  that  ^  p,v  •  If  In  the  widened  part  of  the  diffuser  losses  are  small, 
then  the  stagnation  pressure  in  ssotlons  3  and  4  can  be  approximately  taken  as 
identical,  l.s«,  considered  as  a  o 


Thus,  assxmdng  that  velocity  1^1*  small  and  losses  in  the  widened  purt  are 

absent,  we  can  determine  the  pressure  behind  the  diffuser  by  the  formula 

(7-31)*  If  the  velocity  >.i  cannot  be  considered  as  a  negligibly  small  quantity, 

then  p,  is  determined  by  the  formula  (7-32). 

4 

The  equations  obtained,  in  the  assumption  of  the  simplest  one*^lmenslonnl 
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character  of  th(  jp'ocoas  in  the  oJectoA ,  (7-30)  and  (7-3l)i  evaluate  only  looses 
of  mixing,  which  are  biaic  in  the  conaidertd  j>roblem.  However,  alotig  with  lossea 
of  mixing,  It  is  neoeasax’y  tc  consider  also  other  losses  In  separate  elements  of  the 
ejector:  losses  Irt  the  nozislu,  in  the  inlet  of  the  diffuser  and  in  the  throat'*', 
and  also  losseu  in  the  widened  part.  Besides,  the  process  in  the  in.lBt  of  the 
diffuser  in  reality  can  deviate  fronn  the  Isobarlc  process  assumed  during  derivation 
of  equation  (7-30).  Change  of  preesture  in  the  general  case  doee  not  etart  exactly 
in  the  inlet  of  throat  2,  but  higher  or  lower  along  the  flow  in  the  initial  seotlon 
of  the  diffuser.  Further,  the  fundamental  equation  of  motaentum  must  be  eupplenonted 
by  a  term  expressing  the  Influence  of  pressure  forces  from  the  wall  of  the  inlet 
seotlon  of  the  diffuser,  At  the  same  time,  even  for  a  significant  length  of  the 
throat,  one  should  consider  the  nonuni forsdty  of  the  field  of  flow  in  section  3, 
which  considerably  affects  the  effectiveness  of  the  diffuser. 

i  Cslculatlon  of  all  enumerated  factors  characterizing  the  actual  process  in  the 
ejector  etago  is  carried  out  on  the  basis  of  the  following  considerations. 

Losses  in  the  nozzle  are  taken  into  account  by  the  velocity  coefficient.  The 
actual  outflow  velocity  from  the  nozzlje  equals: 

Ths  oosfflcisnt  is  dstsrndnsd  with  the  help  of  the  curves  pre¬ 

sented  in  Fig.  6-31. 

Losses  in  the  widened  part  of  the  diffuser,  taken  into  account  by  the  coefficient 
ro:i.  can  be  taken  according  to  the  graph  in  Fig.  7-4  in  dependence  upon  the 
velocity  }.i  in  the  outlet  of  the  throat. 

The  force  influence  on  flow  of  the  wall  of  the  inlet  of  the  diffuser  is 
considered  by  introduction  into  the  equation  of  momentum  the  pulse  frcm  the  walls 

■•In  ths  inlet  and  the  throat,  except  for  basic  losses  of  mixing,  there  appear 
losses  osused  by  friction  and  wave  losses. 


ot 


The  •peclflc  Inpulse  from  the  v^lla  of  the  Initial  section  of  the  diffuser 


Is  oalcultted;  equal  to: 


•CT- 


A±J 


(7-33) 


The  absolute  value  depends  on  the  operating  regljM  and  geometric  parameters 
of  the  stage,  first  of  all  on  the  ooeffloient  of  ejection  x,  the  ratio  the 

angle  of  eonioltjr  of  the  inlet  of  the  diffuser,  the  distance  from  the  exit  edge 
of  the  noisle  to  the  beginning  of  the  throat  of  tho  diffuser  and  the  ratio 

Sxperinental  investigation  of  the  influence  of  nonuniformtly  of  flow  in  the 
outlet  of  the  throat  shows  that  this  factor  also  should  be  oonaldered  during 
design  of  the  stage. 

It  is  established  that  inoomplete  equalising  of  flow  in  the  throat  leads  to 
a  redistribution  of  the  eonpression  work  between  the  throat  and  the  widened  part 
of  the  diffuser.  Vlith  inoreaae  of  nonuniformity  in  section  3  the  oompresalon  work 
and  losses  in  the  throat  are  decreased,  and  in  the  widened  part  increased.  Detailed 
analysjj  shows  that  into  the  fundamental  equation  of  the  ejector  should  be  intro¬ 
duced  coefficients  which  take  into  account  the  influence  of  irregularity. 

Taking  into  account  all  losses  and  nonunifonaity  of  the  field  in  section  3, 
the  equations  of  the  ejector  stage  take  the  form: 


(7-34) 


f. 


(7-35) 

(7-36) 


where  j  i  I 

m  f»»  . 

la  tha  co.ffiol.nt  Mhloh  tak.a  Into  account  th.  nonunlfonnlt/  of  th. 


fin? 


in  the  outlet  of  the  throat;  it  can  bo  calculated  if  the  velocity  profile  is 
knovm. 


By  •xperinent  it  is  ostabJIlshed  that  In  the  limit  raglme  (see  below)  for  a 
definite  (optimum)  length  of  tluroat,  the  average  velocity  of  mixed  flow  in  the  outlet 
of  the  throat  of  the  diffuser  attains  a  oritioal  value,  and  the  velocity  profile 
approaches  a  quadratic  parabola.  This  allows  the  calculation  of  this  coefficient 
for  a  particular  case  and  setting  to  1.26.  According  to  experimental 

data,  values  of  the  coefficient  ?m  in  variable  regimes  oscillate  on  the  average 
within  the  limits  »  1.0  to  1.3*  Smaller  values  of  correspond  to  a  mors 
uniform  field  of  velocities.  All  coefficients  9^,  9^  and  change  during 

change  of  the  operating  regime  of  the  etage  and  the  contour  of  the  flow  through 
part  of  the  stage  (form  of  noaale  and  diffuaer)  and  for  the  time  being  can  be  obtained 
only  by  experimental  means. 

Design  of  the  stage  for  .v--0  is  carried  out  by  analogous  equations.  Ths 
equation  of  impulses  for  this  case  has  the  form: 


whore 


9  (1.)  f « ( i  T  '^y(  I  (7-37) 


(7-38) 


is  the  velocity  coefficient  of  the  noaale  of  the  passive  gas. 

Equation  (7-37)  does  not  contain  the  basic  geometric  parameter  of  the  stage 
connection  between  and  the  coefficient  of  ejection, as 

before, is  expressed  by  equation  (7-35). 


7-6 .  Ejector  3taf;e  at  Variable  Re>ri:iioa ; 
ll^init  Regime 


Under  operating  conditions  the  ejector  stage  frequently  operates  in  rogimss 
which  are  difficult  from  the  intended  one.  Causes  of  deviations  from  rated  conditions 
may  be  changes  of  the  Initial  parameters  (and  consequently  flow)  of  the  ejecting 


bno 


gas,  parameters  and  flow  of  the  ejected  gas  and  pi>easures  of  the  mixed  flow  behind 
the  diffuser. 

The  number  of  independent  parameters  determining  the  regime  of  the  stage  and 
the  connection  among  those  parameters  is  established  by  equatione  (7-34)  and  (7“35)» 
which  at  f.Jf'.t  **  const  are  fundamental  equations  of  the  variable  regime  the 

stage. 

According  to  equation  (7-34)  and  (7-35)  in  the  number  of  dimensionless  para¬ 
meters  determining  the  regime  of  the  step  are  included: 

a)  coefficient  of  ejection 

b)  oony)re8sion  ratio  (increase  of  pressure)  in  the  stage  >» 

o)  net  drop  of  pressures  Pk/Po) 

d)  ratio  of  stagnation  temperatures  of  mixed  flows 

'♦I 

During  change  of  regime  of  the  stage,  the  operating  conditions  of  its  separate 
elements  are  changed s  noisle,  mixing  chamber  and  diffuser.  Thera  occurs  a  redistri¬ 
bution  of  looses  in  the  indicated  elements  of  the  stage.  Under  the  operating 
conditions  simultaneous  change  of  all  four  parameters  is  possible.  In  this  case  all 
elements  of  the  stags  operate  under  off -design  conditions. 

Vto  will  analyse  the  behavior  of  the  stage  during  deviations  of  the  regime  oaused 
by  change  of  pressure  behind  the  dlffxwer  p^  or  change  of  presexure  in  the  mixing 
chamber  p^^,  assuming  that  the  pressure  of  ejecting  gas  before  noazle  and  ths 
ratio  Ti  remain  constant. 

At  conatant  pressure  before  the  nossle,  change  of  pre  ’sure  in  the  mixing  chamber 
P|^  or  of  pressure  after  the  otage  p^^  leads  to  change  of  the  quantity  of  ejected  gas. 
It  is  obvious  that  in  this  case  the  compression  ratio  in  the  diffuser  r.,  ■  P^/Py^ 
changes. 

According  to  equations  (7-34)  and  (7-35),  between  the  coefficient  of  ejection 
stand  the  compression  ratio *s  there  exists  a  definite  dependence,  vdtioh  la  called 
tho  oh:/xr.-^tori8tio  of  the  otage  or  regime  dlggr^.  The  form  of  this  chara:teri8tlc 
io  'letermined  according  to  which  of  the  two  basic  parameters  (pj^  or  p^  )  c'langes 


during  change  of  the  regime. 

1.  Operation  of  the  atage  at  oonatant  intake  pressure.  We  will  follow  tho 
character  of  the  change  of  basic  parameters  of  the  regime  during  increase  of  the 
coefficient  of  ejection  from  x»0  (idle  running)  to  the  maximum  at  pj^  “ 

const. 

At  x>bO  ,  the  gate  valve  on  the  line  of  Intake  is  completely'  closed  and  the 

pressure  after  the  diffuser  will  attain  the  maximum  value  p^  •»  p^  for  the  given 

p  .  For  increase  of  x  it  is  necessary  to  decrease  the  counterpressure  p, ,  l.e., 
k  ^ 

the  resistance  of  the  flow  through  part^  maintsdnlng  Pj^  constant;  in  this  case  the 


Fig.  7-23,  Characteristics  of  ejector  stage. 

KETt  (a)  at. 

compression  ratio  in  the  stage  is  lowered.  On  segment  CB  of  the  coneidered  oharacter- 
ietlo  (Fig.  7-3)  velocities  in  sections  2  end  3  (  Aj  and  Xj  ),  shown  in  Fig.  7-27, 
are  increased  (from  the  condition  of  continuity). 


*  M.,  is  the  limit  coefficient  of  ejection. 


At  a  certain  value  of  the  coefficient  of  ejection  x==Xnp  the  velocity  in  the 
initial  aection  of  the  throat  of  the  diffuser  will  attain  the  maxljnum  value,  and 
the  velocity  in  the  outlet  section  of  the  throat  is  near  to  critical 
The  ratio  of  pressures  P^/Pq^  in  the  widened  part  of  the  diffuser  ie  also  near  to 
critical.  Further  decrease  of  the  counterpressure  does  not  lead  to  change  of  the 
coefficient  of  ejection.  In  this  section  the  characteristic  of  the  stage  eA-fM 
is  located  parallel  to  the  axis  (segnient  A6).  This  means  that  in  the  considered 
regime  the  capability  of  the  stage  does  not  depend  on  the  ooapresslon  ratio,  and 
the  coefficient  of  ejection  is  equal  to  the  limit  '  (x^xnp). 

The  maximum  coefficient  of  ejection  for  a  given  value  of  Pj^/p^  is  called  the 
limit  coefficient}  the  corresponding  counterpressure  is  called  the  limit  counterpres- 
eure.  This  regime,  corresponding  on  the  diagram  to  point  B,  la  called  the  limit 
regime.  The  mechanism  of  development  of  the  limit  regime  is  presented  by  the 
following.  With  increase  of  x  in  sonm  section  of  the  Inlet  of  the  diffuser,  the 
average  velocity  of  flow  becomes  supersonic.  The  subsonic  layer  next  to  the  wall 
In  this  seotlon  has  a  minimum  transverse  extent  and  Is  not  capable  of  transmitting 
a  dlstrubance  against  the  flow.  Therefore,  lowering  of  the  counterpressure 
{Pi<p4u\,)  does  not  influence  the  conditions  in  the  mixing  chamber  and  the 
coefficient  of  ejection  is  maintained  constant.  It  can  be  increased  only  at  the 
expense  of  increase  of  flow  density,  i.e.,  the  pressure  in  the  mixing  chamber  pj^. 
Therefore  on  segment  BA,  the  characteristic  pj^  const  is  parallel  to  the  y-axln. 

The  process  in  the  stage  of  the  ejector  on  this  segment  of  the  characteristio 
differs  in  principle,  as  can  be  seen  from  a  distance,  from  the  process  on  liegnant 
CBj  after  the  »one  of  maximum  velocity  located  in  the  initial  section  of  the  throat 
of  the  diffuser,  mixed  flow  is  decelerated  in  the  throat,  crossing  a  complicated 
system  of  ohock  waves,  to  subsonic  speed  in  the  inlet  (if  the  length  of  the  throat 
corresponds  to  optimiun),  after  which  further  (now  smooth)  braking  in  the  widened 
section  i;!*  realised.  The  described  picture  is  illustrated  by  the  graph  of  dlstribu- 
tlo',  cl  pressures  along  tho  contour  of  the  diffuser  in  Fig.  7-29.  If  the  'urigth 


of  the  throat  is  less  than  that,  which  ensures  deceleration  of  flow  to  subsonic 
Telocity,  then  in  the  widened  port  of  the  diffuser  flow  accelerates,  and  then  in 
they  system  of  shocks  changes  to  subsonic  (the  widened  part  of  the  diffuser  operates 
as  a  Laval  noaalo  under  off~design  conditions).  With  lowering  of  the  system  of 
shocks  is  displaced  toward  the  outlet  of  the  diffuser. 

Returning  to  the  c’jrves  of  change  of  pressure  along  the  contour  of  the 
diffuser  (Fig.  7-29),  in  the  limit  (p.  /  p,  *  1)  and  beyond-liadt 

a  4np 

regimes,  we  see  that  disturbances  from  lowering  of  p^  are  not  transmitted  higher 
than  the  determined  section,  which  is  located  in  the  Initial  section  of  the  diffuser. 


Fig,  7-29*  Distribution  of  pressures  along 
the  contour  of  the  diffuser  at  different 
operating  regimes  of  the  ejector  stage; 

Lji *=  6-  Experiments  of  Moscow  Power 
Engineering  Institute. 

KEY:  (s)  limit  regimes;  (b)  blocking  section; 

(c)  lub-llmlt  regimes;  (d)  translimit  regimes. 

This  section  (more  accurately,  the  sone  adjacent  to  it),  as  was  shown  above,  is 

blocking.  In  Fig.  7-30  it  Is  possible  to  see  that  duriiig  transition  from  the  limit 

regime  to  the  beyond-llnlt,  the  velocity  profile  in  the  initial  section  of  the 

diffuser  and  the  coefficient  of  ejection  v,  practically  do  not  change.  At  the  same 

time  in  the  outlet  of  tie  throat  at  a  constant  coefficient  of  ejection,  the  average 


>nts  of  ifoseow  lnsl;l'kut0  of  Ehergoties 


volocity  is  inci-oased.  Ejqjei-imants  shovwd  that  in  the  limit  regime,  the  velocity 
profile  in  the  outlet  of  the  throet  acquiree  a  form  near  to  parabolic  »^ich  is 
charaoterietic  for  flow  in  a  pipe  when  the  average  velocity  ie  near  to  critical 
(Chapter  5). 

In  Fig.  7-31  is  shown  the  "universal  profile"  of  relative  average  velocities 
(lo  ie  the  velocity  on  the  axis  of  the  diffuser),  obtained  as  a  result 
of  superposition  of  velocity  fields  in  the  outlets  of  throats  of  different  diffusero 

in  limit  regimes*.  As  can  be  aeon,  all  curves  practically  coincide  and  differ  little 
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W-S*  7-31.  Universal  velocity  profile  in 
the  outlet  of  the  throat  in  regimes  near 
to  limit  regisMs. 

from  the  quadratic  parabola  independently  of  the  relative  length  of  the  throat 
Such  reconstruction  of  the  velocity  profile  at  tranaonlc  speeds  is 
explained  by  the  Influence  of  viscosity  in  transonic  flow  whio.Ji  is  very  sensitive  to 
any  external  influence. 

Calculation  of  characteristics  of  the  ejector  p  /p  •=  const  is  carried  out  by 


♦Ej^riments  wore  conducted  for  different  dimensionleea  pressures  in  the  mixing 
onwber  pj^*  pj^/p^and  optimum  dimensionless  distances  between  the  nozzle  section  and 
inlet  into  the  throat  /dj  (di  is  the  diamster  of  the  nozzle  at  the  outlet). 


•quatlons  (7-34)  «rKl  (7-35).  For  th«  llm.it  regime  and  •*  — %,„p)  after 

•ubstitutlon  of  1,  ■  1  and  *■  1  theae  equation  take  the  form  (reloalty  0  ): 

W 4- [~-ir )  p;\t^ - K, )~  Ny 

=-(?:+ (7-39) 

A  q-*j(i  +  V')'  (7-40) 


vhere 


F«  >  Th*  C  ooefflolenta,  eharacterlalng  the  eonaidered  limit  regimes ^  and 

9c  aalntalna  constant  valua  for  all.  points  of  the  given  curve  *  conat. 

8jr  equation  (7-39)  for  a  given  value  of  p.  /  p  the  limit  coefficient  of 

K  O) 

ejection  %p  is  deteminedp  and  by  the  formula  (7-40),  the  maximum  eounterprssaure 
P4np  determined.  With  the  help  of  theae  dependences  can  be  constructed  the 


curves 


f>(^)  *«• 


Values  of  f-tp.  /  p  )  for  idel  running  can  be  easily  obtained  from  expreaa. 

^  K  O 

ions  (7-34)  and  (7-35)  after  substitution  of  )«  =  0. 

Characteristics  at  P|(  /  **  oonst,  as  a  rule,  are  very  gently  sloping, 

snd  thsrefore,  with  sufficient  accuracy  for  practice,  can  be  constructed  by  two 
points:  *r:;0  and  5<==»,p.  Let  us  note  that  with  dacrease  of  p  /  p  ,  the  range 
of  controlled  oapabillty  of  the  stags  la  lowered  [segment  of  characteristic  oorrs- 
■ponding  to  sub-limit  regimes,  Pi>Pi„p  ,  is  shortened  (Fig.  7-28)].  In  this  csss 
the  limit  coefficient  of  ejection  le  decreased,  but  the  maximum  compression  ratio 
increases.  At  »t=~0  and  *^~«j,,,p  the  segment  of  characteristic  Pj^  /  •  const 

connecting  points  *=-0  snd  *  — »„p.  beoooss  a  point. 

Line  DBIC  on  the  reginw  diagram  of  the  stage  which  corre.spond8  to  the  limiting 
values  and  for  various  p^  /  p^  is  celled  the  limit  line.  In  all 

poi  its  of  thla  line  for  coiTect  selection  of  the  length  of  the  throat,  veljclty 


:  1. 


Charaeterlstles  of  tha  stage  at  eonatani  praoBurd  after  behind  the  a.ioetor 
p,/p  "  const.  Just  as  in  regimss  p.  “  const,  characteristics  p,  »  const  have  two 
branches  $  the  sub- limit  and  beyond-Jlimit,  corresponding  respectively  to  the  conditions 
and  Pi~-^Ptnp‘  trace  the  flow  of  processes  in  the  ejector  during 

change  of  the  intake  pressure  p^^. 

Let  us  point  F  (Fig.  7-28)  P*>Pt„pl  here  P*>P*„p.  In  order 

to  Increase  the  coefficient  of  ejection  at  the  given  counterpressure,  it  is  necessary 
to  Increase  the  pressure  in  front  of  the  diffuser,  i.e.,  in  the  mixing  chamber, 
p^.  The  compression  ratio  in  this  ease  will  be  decreased,  but  the  average  speed 
of  the  nixed  flow  will  Increase.  It  will  continue  in  this  way  with  increase  of  x, 
until  the  average  velocity  of  flow  in  the  blocking  section  attains  maximum  value 
1=1. 


Upon  further  growth  of  x  the  process  in  the  ejector  changes.  Increase  of  the 
coefficient  of  ejection  as  before  will  be  attained  at  tha  expanse  of  increase  of 
pressure  in  front  of  the  diffuser  but  velocities  in  the  blocking  and  exit 
section  cannot  be  increased  and  the  capability  of  the  apparatus  increases  only  at 
the  expense  and  the  capability  of  the  apparatus  increases  only  at  the  expense 
of  increase  of  current  density. 


Static  pressure  and  stagnation  pressure  in  section  3, 


p,  cmd  , 


also  increase. 


In  the  widened  part  of  the  diffuser  flow  acquires  supersonic  velocities.  As  a 


result  there  appears  hoar  a  ahock  (or  eyatem  of  shocks),  and  the  position  of  which 


depends  on  the  counterpressure  p^.  Upon  lowering  of  p^  the  leap  is  displaced  toward 
the  outlet  of  the  diffuser. 


Points  of  the  considered  segment  of  the  characteristics  P^/p^  const  with 
•hooks  In  the  widexied  part  lie  on  vertical  segments  of  ths  corresponding  charactor- 


Isties  P](/Pg  const.  In  regimes  with  shook  waves,  losses  in  the  widened  part  of 
the  diffuser  Increase,  due  to  decrease  of  the  stagnation  pressure  in  the  shocks  and 


t«  t"k 


flow  •eparaitlon.  Th«  eonsldarcd  regiatss  are  aoeonpanlsd  by  increase  by  and 
the  eompreseion  ratio  continues  to  decrease. 

Thus,  characteristics  of  the  stage  corresponding  to  the  condition  * 

const,  are  depicted  by  lines  whose  form  la  shown  by  the  dotted  line  in  Fig.  1^2^  (line 
FBL)i  on  segment  FB  the  oounterpres8\u<e  and  on  section  BL  the  counter- 

pressure 

Calculation  of  the  characteristics  p.  /  p  *  const,  is  carried  out  with  the 

4  o 

help  of  equations  (7~34)  and  (7'-35)«  if  the  geometric  parameters  of  the  ejector 
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FiS*  7-32.  Change  of  coefficient  of  entrance 
section  of  diffuser  dependence  from  Pj^P^  and  x. 

*  ^1  /  ^*0  ^  parameters  of  the  regime  {tjr  example  p^  /  p^^  and 

f )  are  known.  In  this  case,  by  the  formula  (7-35)  the  value  of  x  is  determined 
(assuming  ^  and  by  equation  (7-34)  is  determined  the  value  of  Pj^  /  p^. 

Graphs  of  the  distribution  of  pressures  in  Fig.  7-29  allow  us  to  establish  the 
character  of  change  of  the  specific  Impulse  in  dependence  upon  •/  and  Pj^  /  p^. 

In  Fig.  7-32  is  presented  such  a  dependence  for  the  inlet  part  with  an  angle  of 
eonloity  of  20**.  Hence  it  may  be  concluded  that  for  largo  values  of  x,  correspond¬ 
ing  to  the  conditions  of  filling  of  the  free  stream  of  the  inlet  of  the  throat,  the 
value  of  is  near  to  sero*  With  decrease  of  k  Increaaea  the  preaaure  behind 
the  diffuser  and  in  the  inlet  of  the  throat  (on  the  wall  of  the  inlet).  Increase 
of  pressure  from  to  the  pressure  in  the  inlet  of  the  throat  (rtgimea  Pj^/p^  "  const 
are  considered)ls  realised  in  the  inlet  of  the  diffuser. 

At  decreased  v.  in  the  inlet  of  the  throat  theiwi  appear  reverse  current  >:  an 
exoe.i»  of  gas  entering  into  the  active  stream  is  ejected  near  the  Inlet  of  .he 
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throat.  Part  of  the  small  streams  in  this  ease  is  decelerated  and  then  accelerated 
in  the  dlraotlon«  opposite  to  the  notion  of  the  main  flow.  Deceleration  and  turn 
of  the  separate  sauU  streams  are  not  able^  obviously^  to  oce\ur  without  an  increase 
of  pressure  In  the  direction  of  motion  of  the  main  flow.  It  follows  from  this  that 
Independently  of  the  form  of  the  contour  of  the  flow-through  part  of  the  ejector, 
deoreaee  of  n  always  leads  to  intensification  of  compression  in  the  Initial  section 
of  mixing. 

Pressure  In  the  chamber  pj^  has  an  influence  on  the  value  of  only  for 
substantial  deviations  of  the  regime  from  the  designed  one*  Decrease  of  pressure 
leads  to  growth  of  This  fact  is  explained  by  the  increase  of  inflow  into  the 

stream  and  corresponding  Intsnsifloatlon  of  revtrse  ourrsnts. 

3.  Reglmsa  with  variable  eountsrpressure  at  constant  Position  of  tho  gate 
valve  on  the  suction  line*  (1.#.,  for  simultaneous  changs  of  and 
obvious  that  for  p^^  p^^^  such  a  oharaoterletic  of  the  stage  coincides  with  the 
characteristic  «  const.  At  increase  of  the  coefficient 

of  ejection  decreases,  sines  p^  abruptly  increases  (eurvs  ABE  in  Fig.  7-29)*  In 
this  case  the  compression  ratio  falls  simult^eously.  Ths  more  the  gate  valve  is 
opened  on  the  line  of  Inflow,  the  less  intense  Is  the  change  of  the  compression 
ratio.  All  lines  •  »  const  converge  at  the  point  x  "  O(point  E),  where  the 
pressure  pj^  equals  the  pressure  of  the  environmsnt.^ 

Ths  region  bstwssn  the  limit  line  and  the  axle  k,  we  will,  call  the  regime  diagram 
of  the  stage.  The  regime  diagram  obtained  by  experlnmintal  means  is  shown  in  Fig. 
7-33 •  One  should  underline  that  the  calculation,  performed  with  the  help  of  the 
experimental  (variable)  coefficients  ipj,  satisfactorily  coincides  with 

the  data  of  the  experiment. 

«The  considered  regimes  are  somotlmee  called  regimes  with  constant  throttling 
on  the  Suction  line. 

♦^Letter  is  arbitrarily  designated  the  magnitude  of  opening  of  the  gate  valve 
on  the  suction  line. 


P/^).  It  i» 


TIU  now  w«  assunod  that  the  preaauro  of  the  active  gas  before  the  noeale 
is  held  constant.  According  to  axperiaenUl  data  change  of  renders  a  ver7  great 
Influence  on  the  effectiveness  of  the  stage,  sines  the  flow  and  the  distributed 
energy  of  the  active  gas  change. 

In  a  stage  of  given  dimensions,  the  flow  of  active  gas  is  directly  proportional 
to  p^.  If  the  pressure  after  the  stage  p^  and  the  position  of  the  gate  valve  on  the 
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Fig.  7*33 »  SiqperiMntal  diagram  of  regimts 
of  ejector  stage. 

suction  line  are  held  constant,  then  with  increase  of  the  pressure  in  the  mixing 
chamber  Pj^  decreased,  and  the  flow  of  ejected  gas  increases.  Upon  attainment  of 
sons  optimum  value  of  p^,  the  pressure  pj^  acquires  the  minimum  value. 

Further  Increase  in  p^  leads  to  increase  of  pj^  and  decrease  of  the  flow  of 
ejected  gas. 

The  distribution  of  pressures  along  the  diffuser  allows  us  to  explain  the 
Influence  of  p^  (Fig.  7-34).  At  p^>p^»  a  sharp  increase  of  presaitfe  in  the  inlet 
part  of  the  diffuser  is  noticeable,  which  is  caused  by  the  appearance  of  a  system 
of  ehooki.  Flow  in  the  narrowed  part  behind  the  ehooka  becomes  eubeonlc  and,  la 
accelerated,  attaining  critical  apeed  in  the  throat.  In  the  widened  part  of  the 
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diffusor  ftccolorfttion  of  flow  is  continuodf  which  is  endod  by  thw  systom  of  thocka. 

‘  « 

Th«  Uniting  oountorpressure  la  proportional  to  tha  Initial  proasura  [aquation 
(7-39)].  For  a  glvan  opanlng  of  tha  gata  ralva  and  p^  const,  with  increasa  of  p^ 
tha  ajootor  frou  tha  sub-Undt  raglna  (p4>p4ni>)  approaehas  tha  Unit  raglsa 

Tharafora  tha  oompraaslon  ratio  inoreaaaa,  but  p^^  daoraasaa.  Upon 


Flg«  7-34.  Distribution  of  praiaura  along 
contour  of  dlffusar  at  various  Initial 
prasstu:*es  of  aotlva  gas. 

further  Inoraasa  of  po{pwf>p\)  Pu  is  incraaaad,  i.a.  tha  ajaotor  ohangaa  to 
tha  bayond*llnlt  raglna, 

Visual  invastlgationa  of  flow  in  tha  ajaotor  atsga  claarly  show  that  In  all 
raglaas  with  axoasslva  initial  praaaura  (Pj^>  P^)  in  the  widened  part  there  appears 
a  shook  (Pig*  7-35, a).  An  analogous  picture,  as  we  have  laen,  la  obsarvad  also 
in  raginas  at  /'4<P4„,.  •  The  shocks  lead  to  breakdown  to  vorticity  in 

tha  widened  part  of  the  diffuser  (Fig,  7-35, b). 

In  a  stage  with  a  small  distance  between  tha  noisla  and  tha  dlffusar  , 

except  for  tha  considered  first  limit  regime  (tha  critical  velocity  will  be  attained 


Fig.  7-35 •  Sp«otr«  of  flow  in  ojoetor  Btaga. 
a— ahook  wava  In  wldanad  part  of  dlffuaarip 
5.02  at. I  p.  «•  0.81  at.)  b— braakdown  of  flow 
in  dlffuaar^(vlaualiaatlon  of  flow  by  vapors 
of  anmonlun  ohloridat  axparlaanta  of  Moaoow 
Power  Engineering  Institute. 

In  the  outlet  of  tha  throats  <■  1,  a  laoond  Unit  reglne  also  aan  appear,  oorra- 
epondlng  to  tha  orltloal  apaad  of  the  pasalva  gaa  In  aeotlon  2(;^  »  l) 

7’*7.  Seleotlon  of  Geoaetrloal  Paraaatara  of  tha  B.leotor  State 

For  design  of  the  ejaotor  stags,  aa  a  rule,  parsneters  and  flow  of  active  gaa 
'Po»  0^),  paraastsra  and  flow  of  passive  gM  (p^j^,  P|^,  ^  )  and  the  neoasaary 

anprasBlon  ratio  are  given.  Than  by  aquations  (7-3A)  and  (7-35)  the  main 
paonatria  paramstar  of  tha  stage  (lor  the  condition  A,  -  1)  la  datandnad. 

i  S  It  Is  almpla  to  note,  Inoraase  of  design  ooaff Iolanta  of  o,1aotlon  leads  to 
i.norease  of  the  parameter  r.^'F.o  }  inoraase  of  design  compression  ratios  leads 
to  daoreaaa  of  this  paramatar. 

Before  detamlnatlon  of  H  1-*  necssaary  to  design  the  nosale.  At 

)  Ivan  values  of  %  ,  design  of  the  nosale  Is  carried  out  simply  by  tablea  of 


gM-dynudg  funotlona.  In  thla  om«  th«  prtBi*'  ?•  in  th«  outlnt  In  th«  dsslgn  r«giiM 
•hould  b«  •oMUhat  Inrgtr  than  Pnw*  lo«f-praaiinr«  ajaetora  it  la  poaalbU 

to  apply  a  narrow  noaila. 

Tha  Influanoa  of  all  baaio  gaoaatria  paraaatara  of  tha  a^otor,  whioh  do  not 
land  thanalvaa  to  oaloulatlon  oan  ba  aatlaatad  by  axparlaantal  data.  Dlffarant 
variants  of  tha  ataga  ara  oaaparad  \mdar  tha  «oat  favorabla  eondltlonai  at  optlnua 
flow  of  ajaotlng  gas  (optima  Initial  prasaura)  and  at  optlaun  dlatanoa  batwaan  tha 
noHla  and  tha  dlffusar.  Cosqparlaon  of  tha  invaatigatad  variants  ara  axpadlantly 
oarrlad  out  by  tha  aavlama  oharaotaristlcs  of  tha  •tagai^,„p|Bs/(x„p). 

Tha  oharaotar  of  tha  dapandanoa  of  tha  praaaura  in  tha  mixing  ohaabar  on  x  at 
oonatant  praaaura  p^^  ahowa  that  ohangaa  parlodioally  during  ohanga  of  x=x 
/d^(d^->dianatar  of  tha  outlat  of  tha  noaala).  If  tha  flow  at  tha  Inlat  Into  tha 
dlffuaar  la  auparaonlo  (Fig.  7-36).  For  larga  valuaa  of  x  $  tha  praaaura 
oontlnuoualy  Inoraaaa  with  Inoraaaa  of  a‘  (in  thla  oaaa  valoolty  at  tha  Inlat  Into 
tha  dlffuaar  la  aubaonlo).  Tho  parlodlo  oharaotar  of  tha  dapandanoa  of  |l|^  on  J  at 
Mj^>l  la  axplalnad  by  tha  wava  atruetura  of  tha  flow.  If  during  notion  of  tha 
noaala  ralatlva  to  tha  dlffuaar  ahoaka  hit  tha  wall  of  tha  Inlat  part,  tha  Ijapulaa 
fron  tha  wall  daoraaaaa  (  la  lowarad)  and  tha  praaaura  In  tha  ohanbar  Inorfaaaa. 
Oonvaraaly,  If  at  tha  inlat  Into  tha  dlffuaar  ara  looatad  wavaa  of  rarafaotlon,  tha 
praaaura  In  tha  nixing  ohanbar  Inoraaaaa.  Ohanga  of  tha  ooafflolant  of  ajaotlon 
In  this  oaaa  oooura  aooorlng  to  tha  oharaotarlatlo  of  tha  ataga,  whioh  oorrasponds 
to  oonatant  praaaura  bahlnd  tha  dlffusar  (p^  / 

As  axparlaants  show,  .v^^orraaponds  to  tha  position  of  tha  noaala,  at  which 
tha  nlxad  straan  la  approxlnataly  Jolnad  to  tha  throat  of  tha  dlffusar  |  hewavar 
in  thla  oaaa  this  baaio  raqulranant  should  bo  aatlafladi  tha  surfaoa  of  mixing 
of  tha  aotiva  atrain  must  ba  suffloiant  for  attaohnant  of  tha  glvan  quantity  of 
paaslvo  gas.  It  la  poaalbla  to  oaloulata  approxlnataly  tho  dlatanoa  batwaan 
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tha  noBila  and  the  diffuser  throat^  by  the  empirical  formula 

xc^syr; 

and,  the,  for  control,  to  determine  the ’diameter  of  the  stream  at  a  distance  "x 
from  the  outlet  of  tha  noazla  l-f  0,35j^ 


Fig*  7<06*  Dependence  of  pressure 
In  the  sdxLng  chamber  Pj/p  «  fL 
on  the  dlatanoe  beteeen'^thfi  nossle 
and  the  diffuser  x-xjt,'*/,. 

1-K.  -  1|  2-.M.  -  1.591  3~M^ 

1.94t4— -^2.31{ 

During  design  of  tha  ejector  for  a  given  ooefflolent  of  ejection,  tha  dlamatar 
of  the  stream  should  sosiawhat  exceed  (approximately  by  IQt)  the  diameter  of  the 
diffuser  throat. 

The  curves  presented  in  Fig.  7*37  curves  Illustrate  the  influence  of  the  basic 
gecoetrlc  parameter  (st  ">  const}*  mth  increase  of  (or  Oj^)  for 

other  equal  conditions  the  curves  are  lowered.  Explanation  of  thla  fact 

gives  an  analysis  of  the  equation  of  continuity  (7*40).  Since  in  the  limit  regime 
for  optimum  length  of  the  throat,  the  velocity  and  consequently,  q^  1, 

♦Negative  values  of  7  correspond  the  location  of  the  nossle,  at  which  its  out' 
let  Is  farther  to  the  right  of  the  inlet  of  the  throat. 
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th«n  for  X,  —  1  wo  havo  (aasmaing  that  p„  “  p, ) : 

03  4 


With  iiioraaaa  of  flow  of  tha  aotira  gaa  i.e.,  tha  ratio  p^,,^ 

(at  and  x  conatant)  also  grows.  Consaquantly,  at  constant  oountarpressura  p^i 
the  dlffaranoa  —  vlll  decrease  until  p  becomes  equal  to  >^„p.  .  During 
further  increase  of  the  ratio  Pt^-'Piap  beccmes  less  than  aero,  i.a.,  the 

apparatus  changes  to  bajrond-limit  regimes,  which  should  be  accompanied  by  a  decrease 
of  and  increase  of  p.  (p  “  const). 

The  influence  of  the  ratio.  (or  on  the  value  of  pressure  in  the  nixing 
dhanber  can  be  traced  by  Fig.  7~37«b.  With  increase  of  number  the  ainimum  pres~ 
sure  in  the  nixing  chamber  decreases  and  at  ^aax  *  attain  the 

smallest  value.  In  this  case  the  pressure  in  the  mixing  chamber  and  tha  presaure 
in  the  nossle  aeotion  approach  each  other;  the  losses  in  thu  stream  decrease. 

It  ia  charaoterlatlo  that  with  increase  of  x  ,  the  influence  of  the  parameter 
Fj/F^  is  abruptly  lowered  and  at  values  *  ■  0,1,  it  is  almost  not  detsotablsj  the 
curves  (*)  in  this  section  praotioally  merge . 

Experiments  showed  also  that  the  optimum  values  of  cone  angles  of  the  nossle 
ere  Yc  "•  12  to  24*. 

The  effectiveness  of  the  ejector  stage  is  greatly  influenced  by  the  length  of 
the  throat.  For  all  flows  of  ejected  gas,  increase  of  the  length  of  the  throat 
from  0  to  *  4  leads  to  a  sharp  increase  of  the  maximum  compression  ratio 

(Fig.  7~3S).  Furthsr  lengthening  of  the  crater  does  not  cause  a  noticeable  change 
of  the  limiting  oharacterletic  for  a  given  value  of  The  valun  of 

changes  during  change  of  the  basic  geometric  parameter  of  the  stage  f^>JF,^.  For 
conditions  in  idiioh  ejectors  usually  operate  with  an  isobarlo  section  of  idxlng, 
th«i  length  of  tha  throat  should  be  selected  within  the  limits  of  4«>d  diametors  of 
the  throat.  For  stages  with  x  ^‘0 


is  Increased  to  10>12. 


Fig.  7-36 •  In2'lu«nce  of  the  length  of  the  throat 
of  the  diffuser  on  the  limiting  characteristic  of 
the  ejector. 

Diffusers  of  ejectors  with  a  short  throat  operate  poorly  in  variable  regimes. 

In  this  case  flow  at  the  inlet  in  the  widened  part  can  be  supersonic,  which  leads 
to  formation  of  a  shock  and  sharp  growth  of  losses  in  the  widened  part. 

Diiring  interaction  of  the  stream  with  the  wall  of  the  inlet  section,  the  latter 
receives  a  part  of  the  impact  pressure,  which  is  larger,  the  larger  the  angle  of 
oonicity  of  the  inlet  section.  Therefore,  it  is  desirable  to  make  the  inlet  section 
with  a  small,  convergence  angle  near  20**.  However  in  this  ease  the  length  of  the 
inlet  section  is  increased. 

In  those  ease  when  the  ejector  operates  stably  in  regimes  near  to  design,  it 
is  possible  to  allow  an  angle  Y;t  of  up  to  providing  a  smooth  inlet  section  with 
the  throat. 

For  a  normal  throat  the  best  characteristic  is  obtained  with  a 

short  inlet  section  and  angle  Tai  ■  19*.  For . »  0,  good  results  are  shown  by 
en  elongated  inlet  section. 

Results  of  the  investigation  of  different  outlet  sections  of  the  diffuser 
showed  that  outlet  eectlone  with  aperture  angles  of  5*  and  d*’  vore  best.  Smaller 
angles  of  conicity  T*!  and  Ta2  are  expediently  chosen  for  a  small  length  of  the 
throat;  in  this  case  in  the  inlet  and  outlet  parts  of  the  diffuser  there  occure  a 
partial  equalizing  of  the  mixed  flow. 
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CHAPTIR  8 


PLOV  OF  GAS  THROUGH  lURBOMACHINE  CASCADES 

8-1,  G<oiwtrio  and  Gaa-Dynaaloa  Par*m«tara  of  Cascades, 

P»eulA*rlti<ia  of  tha  Flow  in  Cascades  * 

Ths  trsnsforastlon  of  snsrgy  in  »  txtrboaaohins  sings  occurs  as  ths  result  of 
the  Intersetlon  of  s  flow  of  gas  with  ths  stationary  and  rotating  blades,  which 
fom  the  guide  and  rotating  cascades. 

The  oasoades  of  turbonachlnes  In  a  general  case  are  a  system  of  blades  of 
identical  shape,  evenly  distributed  on  a  certain  surface  of  revolution*  A  particular 
ease  of  a  three-dimensional  cascade  is  an  circular  cylindrical  eaaeade  with  radlally- 
fixsd  flsdes,  located  between  coaxial  cylindrical  surfaces  of  revolution. 

In  flowing  through  a  cascade  the  flow  of  gas  chcnges  speed  and  the  direction 
of  its  notion.  The  reaction  acts  on  the  onsoade.  On  the  rotating  cascades  of  a 

O 

turbine  this  force  accomplishes  work}  rotating  cascades  of  compressors,  conversely, 
increase  energy  of  the  flowing  gas.  In  stationary  cascades  with  an  energy  exchange 
with  tha  environment  this  does  not  occur;  here  there  are  realised  neoeaaary  conver- 
aions  of  energy  for  obtaining  required  speed  and  turn  of  flow. 

A  elassifloation  of  cascades  can  be  made  according  to  different  parameters. 

Depending  upon  the  rated  conditions  of  the  flow  around  and  the  eoireeponding 
geimwtrlc  parameters  of  the  profile  and  channel,  three  main  types  of  cascades  are 
distinguished* 


^’Sec.  8-1  was  written  for  the  first  edition  by  G.  Tu.  Stepanov. 
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a)  no««l«  caaetdas— ar*  used  in  turbines  both  as  nose la  or  guide  (stationary), 
and  also  reactive  moving  (rotating)  cascades} 

b)  impulse  cascades — are  used  in  turbines  as  moving  (rotating)  cascades; 

c)  diffuser  cascades — are  used  in  cos^ressors  both  as  guide  (stationary),  and 
Moving  (rotating)  cascades. 

Depending  upon  the  general  direction  of  motion  of  the  gas  in  reference  to  the 
axis  of  rotation  the  oasoades  are  subdivided  into  axial  and  radial.  In  certain 


designs  of  machines,  the  flov  of  gas  moves  at  an  angle  to  the  axis  of  rotation 
(diagonal  cascade). 

Some  of  the  most  Important  geometrlo  parameters  of  circular  (cylindrical)  oas» 
cades  are:  average  diameter  d,  length  (height)  of  blade  ^  width  of  cascade  B, 
pitch  of  profiles  on  average  diameter  t,  chord  b,  angle  of  incidence  ji,  and  other 
parameters  of  the  profile  and  channel  (Fig.  8-1),  and  also  the  form  of  meridional 
contours  of  cascades. 

There  exist  various  methods  of  assigning  the  form  of  profiles  of  blades. 

Most  widely  used  are  the  coordinate  method  (Fig*  6-2, a),  and  also  the  method  of 
constructing  a  profile  by  adioining  arcs  of  a  circle  (Fig.  8-2, b). 


If  the  ratio  of  the  average  diaaeter  of  oaacade  d  to  height  of  blade  ia  larger 
then  for  eiovllfylng  the  problem  It  is  possible  to  assume  the  cascade  rectilinear. 
Hero  the  shape  of  the  vane  channel  bjr  height  is  kept  constant.  In  aiaplest  cascj 
assuming  that  diameter  of  cascade,  the  number  and  length  of  blades  infinitely  in¬ 
crease,  we  obtain  a  two-dimensional  infinite  cascade  (Pig.  6-1,  c). 

The  transformation  from  a  cylindrical  to  a  two-dimensional  cascade  is  realized 
in  the  following  manner.  We  draw  two  coaxial  cylindrical  sections  of  a  olroular 


/  Fig.  8-2.  Different  methods  of  prescribing 

/  profile  of  blade. 

I  a— coordinate 2  b— by  arcs  of  circle. 

cascade  along  the  average  diameter  d  and  along  a  diameter  id4  ld, ..  Assuming 

that  i\d  !  is  small,  we  shall  develop  into  a  plane  the  obtained  circular  cascade  of 

minute  height.  By  increasing  the  number  of  blades  to  infinity,  we  obtain  a  two- 

dimensional  infinite  cascade,  shown  In  Fig.  8-lc.  Hypothesis  of  two-dimensional 

ssctions,  assumad  as  the  basis  of  investigations  and  calculations  of  oontsmporary 

turbomachinss,  was  for  the  first  time  fruitfu.lly  used  by  N.  1*0 •  Zhukovskiy  in  1690. 

T(ie  value  of  this  hypothesis  has  been  confirmed  by  numerous  experiments. 

Geomstrie  charaoteristics  of  oasoadas,  as  a  rule,  are  given  in  dlmsnsionlesa 

form.  For  example,  relative  pitch  of  profiles  is  determined  by  the  formuli 

r  *  r  ' 

The  relative  height  (or  length)  of  a  blade 

or  r,,  ;-.. 

whf  "e  a,^  is  the  width  of  minimum  (narrow)  section  of  channel  (Pig.  8-1). 


A  rectilinear  cascade  Is  located  In  the  system  of  coordinate  x,  y,  z,  wi-iei'e 
the  direction  of  x  is  called  the  axis  of  cascade  (Fig.  S-lyb).  All  profiles  oust 
coincide  with  progressive  transference  along  axis  of  cascade.  Cascade  pitch  t  is 
distance  between  any  two  corresponding  points. 

With  a  given  pro file »  the  shape  of  the  vane  channel  of  cascade  depends  on 
relative  pitch  and  angle  of  setting  of  the  profile,  which  is  detemtlned  as  angle  fly, 

i 

between  shaft  of  cascade  and  chord  of  profile  (Fig.  8-l,c). 

Process  of  a  gas  flow  through  cascades  of  a  turbomachine  is  very  complicated. 

The  theoretical  solution  of  problem  of  a  nonstationary  three-dimensional  motion  of 
a  viscous  compressible  fluid  In  a  cascade  represents  great  difficulties.  The  correct 
approach  to  the  solution  of  this  problem  consists  in  investigating  simplified  models 
of  an  actual  process,  which  conserve  its  the  most  essential  features  with  a  consid¬ 
eration  and  subsequent  analysis  of  influence  of  secondary  factors. 

At  present  the  most  developed  la  the  theory  of  a  two-dimensional  stationary 
periodic  flow  of  an  Ideal  fluid  through  a  cascade  at  suboritlcal  speeds.  Such  flow 
may  be  considered  as  ths  limiting  case  of  an  actual  flow  in  cascade  with  little 
influence  of  the  vleoosity  (at  large  Re  numbers). 

This  simplified  echeme  makes  it  possible  to  establish  main  characteristics  of 
a  potential  flow  in  a  cascade.  However,  the  obtained  solutions  need  eisssntlal 
correction.  The  maximum  errors  occur  owing  to  the  ignoring  of  viscosity.  Therefore,  an 
important  problem  is  experimental  and  theoretical  evaluation  of  influence  of  viscosity. 

We  shall  consider  certain  peculiarities  of  a  two-dimensional  potential  flow  of 
ideal  incompressible  fluid  as  exemplified  by  the  flow  around  a  reactive  cascade 
(Pig.  8-3).  Owing  to  the  periodicity  of  flow  it  suffices  to  study  the  flow  in 
one  Intervene  channel  or  the  flow  around  a  single  profile.  In  Fig.  8-3,  with  solid 
curves  there  are  drawn  lines  of  flow  'K  const,  with  dotted  ourvee  showing  isopo- 
tential  lines  i|)**  const,  normal  to  the  llnea  of  flow.  A  fairly  dense  net  of  these  lines 
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Fig.  8-3*  Flow  of  Ideal  Inoomprasslble 
fl^d  through  «  guide  cascade, 
a—lsopotential  lines  and  lines  of  flow 
in  cascade;  b— hodograph  of  speed;  c— 
distribution  of  relative  speeds  and 
pressure  coefficients  along  profile. 

oharaoterlses  the  flow  well.  Speed  o  at  any  point  of  flow  is  equal  to: 

d-P 

where  S  and  n  w  cunrlUnear  coordinates  respectively  along  lines  of  flow  and  the 

Isopotentlal  lines. 

The  differentials  approximately  can  be  replaced  by  finite  lnci*ements  uid  there 


can  be  obtained! 


in  ■ 
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At  “  const  at  each  point  In  this  case  ^tdlvidual 

calls  of  orthogonal  net  of  lines  <P  *  const  axvl  Vr  ■  const  st  the  limit  (at 

and  An-*>0)  becomes  squaresi  therefore  the  flow  net  of  an  Ideal  Ineoa- 
presslble  fluid  is  called  square. 

Another  important  oharaoteristie  of  flow  is  the  design  of  the  speeds,  or  hodograph 
of  speed  (Pig.  8>3«b).  To  oaoh  line  of  flow  and  isopotential  line  there  corresponds 
in  plane  of  hodograph  the  locus  of  ends  of  vectors  of  speed  on  this  line.  Correspond¬ 
ing  loci  in  plane  of  hodograph  also  will  form  orthogonal  net,  which  may  be  considered 
as  the  net  of  certain  flow  in  plane  of  hodograph,  limited  by  locus  of  ends  of 
veotors  of  speed  on  surface  of  profile  and  caused  by  the  so-called  vortex-'Souroe  at 
end  of  vector  of  speed  c^  at  infinity  prior  to  cascade  and  a  vortex  sink  at  end  of 
vector  of  speed  o^  after  the  cascade.  Point  0^,  o^  and  will  form  the  triangle 
of  speeds  of  the  cascade.  On  the  basis  of  equality  of  flow  rates  of  fluid 

prior  to  and  after  the  cascade  ^  ^  » 

it  follows  that  projection  of  speeds  and  c^  onto  the  normal  to  the  front  (axis) 
of  cascade  are  equal  or  that  the  straight  line  passing  through  ends  of  veotors  o^ 
and  O2  in  plane  of  hodograph  is  parallel  to  the  front  of  cascade.  Zn  considering 
hodograph  of  speed  of  a  cascade,  it  is  possible  to  reach  the  conclusion  that  at 
points  along  back  edge  of  profile,  the  tangents  to  which  are  parallel  to  directions 
of  speeds  at  infinity  prior  to  and  after  the  cascade  the  speeds  should  be  higher 
than  0^  and  o^  respectively. 

Of  great  Interest  is  the  distribution  of  the  speed  or  pressure  on  the  surface 

of  profile.  In  Fig.  there  is  shown  exemplary  distribution  of  relative 

veloolties  c«--and  relative  preeaures  ^  =  1— c’’  as  a  function  of 

-j  Ki 

length  of  arc  of  profile  S.  If  magnitude  luni  direction  of  the  speed  at  infinity 
prior  to  the  cascade  are  known  and  also  position  of  point  of  dssosnt  of  flow  0^ 

(on  outgoing  sdge),  thsn  the  flow  through  a  given  cascade  is  determinate  «  In  the 
flow  of  ideal  incompressible  fluid  with  a  change  In  magnitude  of  speed  the 


form  of  the  llnee  of  flow  and  of  the  ieopotentlal  lines «  aa  wall  as  the  magnitude 
of  relative  relooltlea  or  preaaureaido  not  ohange. 

At  a  finite  diatance  from  the  easoade  the  field  of  speeds  and  preasurea  is 
nonunlfom.  The  lines  of  flow  (at  have  wave-like  form;  they  periodically 

are  defleoted  Jh'OQ  their  own  direction  at  infinity.  In  aooordanoe  with  oonditions 
of  continuity  and  in  the  absenoe  of  vortexes,  the  average  speed  along  any  line  ab 
(Fig.  8-3, a)  between  two  points,  distant  a  whole  number  of  periods  t  of  the  oaaeade, 
constant  and  equal  to  the  speed  at  infinity.  One  of  the  lines  of  flow  branches  at 
entry  edge  of  profile,  aa  it  approaches  It  along  a  normal  .  At  point  0^  (oall^ 
otherwise  the  point  of  entry)  the  speed  beooews  equal  to  sero^md  the  pressure  /maximum. 

Beginning  from  point  of  branching,  at  whloh  S  ■  0  (Pig.  8-3,e),  speed  on  profile 
abruptly  inoreases.  Depending  upon  form  of  entry  edge,  and  also  on  tVio  direction 
of  speed  at  entry  (the  re-entrant  angle  Pi)  the  speed  near  point  of  branching 
may  have  one  or  two  maxima.  On  the  back  edge  of  profile  the  speed  on  an  average  is 
higher,  and  the  pressure  lower,  than  on  the  oonoave  surface.  Ueneral  character 
of  distribution  of  speed  along  the  profile  can  be  evaluated,  by  considering  width 
of  the  intervene  channel  and  curvature  of  oorttour  of  profile.  In  particular,  the 
narrowing  of  the  channel,  oharacteristlo  for  turbine  cascade  of  reactive  type, 
results  in  an  acceleration  of  the  flow}  in  the  sector  of  channel  betwsen  profiles 
of  turbine  grid  of  litqpulse  type  with  approximately  constant  width  and  curvature 
mean  values  of  the  speed  and  pressure  vary  little  (Pig.  8-4);  in  a  compressor  cascade 
the  Intervane  channel  expands  and  the  speed  correspondingly  dsorsaaes  (Pig.  8-5). 

The  distribution  of  local  spseds  at  points  of  the  contour  profile  corslderably 
depends  on  form  of  ooneavs  and  convex  eurfaoee  and  the  degree  of  narrowing  of 
channel  ar4  also  on  the  geometric  parameteri  and  oasoade  parametera. 

Innreaee  of  curvature  in  the  convex  sectors  of  profile  results  in  an  increase 
of  speed,  artd  conversely.  With  an  abrupt  ohanga  in  curvature,  for  example,  at 
polity  of  Intaraection  of  area  of  circles,  the  theoretical  curves  of  the  distribution 


Fig.  6-4.  Flow  of  ld««l  i^oomprost-  Fig.  8-5.  Flow  of  Ideal  Inoonprese- 

Ible  fl\ild  through  an  Impulae  caeoade.  Ihle  fluid  through  coapreaaor  caaoade. 

a— profile  of  Impulse  cascade}  b— hodo-  a— profile  of  caeoade}  b— hodograph 
graph  of  speed;  o— distribution  of  of  speed;  o— distribution  of  relative 

relative  speeds  along  profile.  veloolties  along  profile. 

of  pressures  and  speeds  experience  a  discontinuity.  On  the  protruding  angles  of 

profile  the  speed  bheoretloall  Incresaee  ad  infinitum.  Owing  to  this  the  contours 

of  profile  of  contemporary  oasoades  are  made  from  smoothly  ohanglng  curvature. 

Along  a  trailing  edge  of  finite  thickness*,  as  on  the  leading  edge,  the  speed 
has  one  or  two  maxima  and  it  theoretloall  drops  to  sero  at  point  of  descent,  which 
Is  located  on  trailing  edge  in  region  of  maxlaum  ourvature.  At  a  great  distance 
after  the  cascade  direction  of  flow  ia  determined  by  the  angle 

Above  there  was  considered  the  flow  of  ideal  Inoostpresnible  fluid  through  a 
cascade.  In  reality  with  a  consideration  of  influence  of  vlscoelty  the  plctwe 

e _  .  ..  ._t  ti 

SThe  case  of  an  infinitely  thin  edge  le  not  considered,  that  is^as  having  no 
practical  value. 


of  flow  in  cosoado  nay'  dlffor  considerably  from  the  considered  case. 

In  the  flow  of  real  vlaooua  fluid  on  surface  of  profile  a  boundary  layer  will 
form  where  there  are  oonoentrated  loss  of  energies,  caused  by  friction* 

In  sectors  of  the  channel  with  an  increase  of  pressure  (diffusor  sections)  there 
may  occur  a  separation  of  the  flow.  The  diffusor  sections  depending  upon  form  of 

Is. 

profile  may  develop  within  the  channel}  the  manifestation  of  diffusor  regions/in- 
levitable  on  loading  and  trailing  edges  of  profile.  On  trailing  edge  there  always 
occurs  a  separation  of  the  flow}  in  the  sons  forming  beyond  the  edges  there 
la  a  vortex  motion.  At  boundaries  of  sonss  beyond  edges  there  oeoure  an  abrupt 
change  in  speed.  In  a  real  flow  of  viaooue  fluid  euoh  ohange  in  speed  would  result  in 
the  appearance  of  Infinitely  greet  foroea  of  friction}  therefore  boundary  of 
•aparatlon  aonee  break  up  into  Individual  vortexes  which  are  removed  by  the  flow. 

At  the  reiult  of  the  eeparation  the  pressure  after  trailing  edges  is  found 
to  be  lower.  At  a  certain  email  diatanee  beyond  the  edges  there  ooours  an  equal¬ 
isation  of  the  flow,  accompanied  by  ohange  of  etatlo  pressure,  of  angle  of  outlet 
of  flow  and  apeed. 

In  the  equalising  of  flow  after  the  ceeoade  there  develop  losses  of  klnstlo 
energies,  constituting  a  second  portion  of  profile  losses  in  the  easoadss  (edge 
losses). 

In  csss  of  Idgh  speeds  (M>0.5)  the  distribution  of  speeds  in  the  cascade 
experiences  a  ohange (affect  of  oompresaibility  Is  developed).  Here  besides^ usual 
gradienta  of  speeds  along, lints  of  flow  increase, the  form  of  lines  of  flow  ohangss, 
and  also  regions  of  maximum  and  minimum  speeds  are  displaced.  At  certain  values 
MO  in  certain  portions  of  surface  of  profile  supersonic  speeds  manifest  Uiemselvoa. 
The  oharaoter  of  flow  around  cascade  in  thla  case  abruptly  changes}  at  supetoonio 
apeedfi  addltic^nal  losses  dsvslop  in  the  shocks. 

Profile  losses  characterise  a  tvo-dimenslonal  cascade.  In  rectilinear  ind 
cylii'dr  Veal  cascades  addltonal  losses  will  form,  caused  by  finite  length  of  Made  s 
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(•nti  lo8$«t)  And  th«  fanwiea  arrangamnt  of  oMoada. 

Loaaaa  of  auargy  in  iha  OASoadai,  during  low  apaadsyoauaad  by  tha  Influanoa 
of  vlaooslty  and  parlodlo  nonatationarlnaaif  and  alao  by  high  turbulanoa  of  tha  flow, 
and  at  tranaonio  and  suparaonio  apaada  aa  wall  aa  nonravaralbla  prooeaaaa  of  changa 
of  anargy  in  tha  ahooka|to  a  algnlfioant  dagraa  datondna  affloianoy  of  tha  turbina 
Mohirta. 

In  daaigning  bladaa  oaaoadaa  it  ia  naoaaaai^y  to  aaaura  glvan  oonvaralon  of 
the  anargy  of  tha  flow  with  Blnlnun  loaaaa.  Hanoa  there  la  tha  naoaaalty  of  a 
detailed  atxaty  of  procaaa  of  flow  around  oaaoadaa  and  aatabllahmant  of  influanoa  of 
the  profile 'a  fora  and  other  gaomatrlo  paraMtara  of  oaaoada  on  ita  affloianoy  and 
angle  of  exit  of  flow  In  wide  range  of  aodea,  datarmlnad  by  angle  of  entry  of  flow^ 

N  and  Ra  nuiobara,  at  oatara. 

Above  in  part  there  wta  given  a  olaaaifioatlon  of  oaaoadaa  depending  upon 
Qharaotar  of  variation  of  paraaMtara  of  flow  in  tha  intarvana  ohannal  and  diraotlon 
of  notion  of  gaa  in  relation  to  tha  ahaft  of  tha  turbooaohlna . 

Tha  olaaaifioation  of  tha  applied  oaaoadaa  oan  be  oonaldarably  broadened* 

Thua,  dapanding  upon  apaad  ^  nunbar)  all  oaaoadaa  ahould  be  divided  into  three  groupa 
aubaoniOj  tranaonio  and  auperaonio*  Within  tha  liinita  of  aaoh  group  tha  oaaoadaa 
differ  by  angle  of  daflaotlon  of  flow  (i.a.^anglaa  of  entry  and  exit  (jj). 

In  addition,  tha  applied  oaaoadaa  are  diatlnguiahad  by  their  relative  height, 
whioh  ia  oharaotarlaad  by  tha  ratio  <  oaaoadaa  of  low  height  (/<  1«0  to 

1.5)  and  oaaoadaa  of  great  height  (r>1.5  to  2*0). 

At  tha  aana  time  varioua  oaaoadaa  are  diatlnguiahad  by  tha  degree  of  their  fan- 
wlaa  arrangement  at  email  0(0<  10)  tha  bladaa  are  moda  with  a  profile 

^'arylng  In  height  (twlatad  bladaa). 

Conaidaring  that  oharaotarlatios  of  oaaoadaa  within  definite  range  of  varl- 
atlona  of  modal  and  gaomatrlo  parafflatara  changa  Inalgnlfloantly,  number  of  proflloa, 

aatlafying  tha  requlrananta  of  turbina  oonatruotlon,  can  be  raduoad  to  tha 
raoulrad  minimum. 


In  ih«ory  of  oasoadoo  and  in  axparlmnial  Invoailgatlon  on  than  tvo  boalo 
problama  arlsa.  Ono  of  them,  tha  bo  oallad  direct  problami  eonsiats  of  determining 
the  field  of  apeoda  of  potential  flow  through  a  oaaoade,  oonsisting  of  profiles  of 
given  form,  and  in  a  Bubaaquent  evaluation  of  the  loaaea  of  energy  during  different 
regime  (angle  of  entry,  M  and  Re  numbers )  and  geonetrlo  (  pitch  ,  angle  of  setting 
of  profile,  height  of  oaaoade  and  so  forth)  parameters.  Consequently,  the  direct 
problem  la  very  important  in  the  study  of  variable  aystams  of  cascades  and  the 
eonatruotlon  of  their  aerodynamic  properties. 

Inverse  problem  consists  in  the  oonstruotlon  of  a  cascade,  ^hloh  corresponds 
to  a  selected  or  given  flow  in  a  oascade.'S  In  this  statement  of  the  problem 
practically  liqiortant  ia  problam  of  construction  of  a  cascade  with  a  rational 
diatrlbutlon  of  speeds  (pressures)  along  tha  surface  of  profile  to  asaure  minimum 
loaaea  of  anergy. 

At  prusant, methods  of  calculating  the  potential  flow  in  oaecadas,  using  appara** 
of  a 

tua  of  funo tions/ o omp lex  variable, have  been  developed.  However  these  methods  are 
found  to  be  cumbersome.  They  in  detail  have  been  discussed  in  speolal  literature, 

Significant Jy  more  elmple  are  methods  of  calculation,  which  make  it  possible 
with  aufficient  accuracy  to  solve  tho  direct  and  inverse  problems,  based  on  the 
channel  theoryl'**'  To  pi’essnt  time  there  are  known  several  methods  of  designing  cas¬ 
cades  according  to  theory  of  channel.  One  of  the  first  was  the  proposed  method  of 
G.  Flyugel'  developed  later  by  0.  Yu,  Stepanov. 

*'Xi  in  readily  seen  that  tho  direct  and  inverse  problems  are  mutually  associated. 

♦ssoe,  for  example,  monograph  by  M.Ye.  Deych  and  G.  S.  Samoylovich  "Fujidumentals 
of  4M(»rody:wmlc«  of  axial  turbcvnachines .«  (Machine-Construction  Publ.  House,  1959), 
and  also  H.  1.  Zhukovskiy  [11]. 


Th9  problvn  of  flow  around  caacadea  may  be  auccoasfuUy  raducad  to  tha 
oaloulation  /?low  In  channal  only  at  moderate  valuea  of  the  relative  pitch#  In 
addition^  tha  channel  theory  providae  the  poaslbility  of  calculating  the  flow 
only  in  intervane  ohannelt  in  region  of  entrance  flection  of  back  and  in  an  oblique 
crofla  flection  it  is  necessary  to  use  additional  methods,  and  accuracy  of  the  calcu¬ 
lation  in  thane  sections  drops. 

In  calculating  the  flow  at  entrance  and  in  an  oblique  cross  section  of  easoade 
it  Ifl  necessary  with  known  approxiomtlon  to  determine  the  boundary  lines  of  flow. 


Fig.  8-6.  [Chart]  for  calculating  flow 
around  cascade  by  channel  method. 

In  simplest  ease,  the  boundary  lines  of  flow  before  and  after  cascade  may  be  selected 
in  the  form  of  segments  of  straight  lines  (Fig.  8-6).  Direction  of  these  lines  at 
entrance  to  cascade  is  given  (angle  pi),  and  at  exit  it  may  be  determined  by  one 
of  the  known  methods. 

Actually,  the  Isolated  boundary  .lines  of  flow  before  and  after  the  cascade  are 
distorted  near  leading  and  trailing  edges,  where  tha  greater  is  the  distortion 
then  the  greater  will  be  the  relative  pitch  of  the  blade,  and  tha  circulation 
integral.  Certain  Influence  is  exerted  by  flow  conditions t  angle  of  entrance,  M 
and  Re  numbers .  According  to  the  proposal  of  the  LMZ  in  the  calculation  of  flow  at 


li 


•ntranca  thero  is  considered  a  certain  fictitious  entrance  sector  EDFL  (Pig.  8-6), 
which  serves  as  an  isnsdiate  continuation  of  the  intervane  channel.  One  boundary 
line  of  the  sector  crosses  at  an  angle  and  is  line  of  undisturbed  flow,  and 
second  is  the  back  of  profile.  The  sector  DN  may  be  assumed  equal  to  (l.f)  to  2.0)t. 

At  exit  of  channel  the  boundary  lines  of  flow  KS  (Fig.  8-6)  ars  constructed 

on  the  assumption  that  bsams,  orthogonal  to  back  of  profile,  are  isopotentlal. 

The  lines  of  flow  KS  in  this  ease  serve  as  the  continuation  of  the  concave  surface 
of  neighboring  profile.  At  a  certain  distance  after  the  cascade  (from  point  S)  the 
lines  of  flow  change  to  straight  lins  drawn  at  an  angle  pj*., 

Ths  distribution  of  speeds  through  the  section  of  channel  of  cascade  in  accord¬ 
ance  with  Sec.  3-3  is  expressed  by  formula  (3-43) « 

At  small  M  numbers  (M<0.4)  the  calculation  of  distribution  of  speeds  can  be 
made  by  msans  of  graphs,  presented  in  Pig.  3‘’14>  For  a  compressible  fluid  it  is 
nseesaary  to  consider  the  variation  of  density.  In  this  ease  it  is  possible  to 
use  method  indicated  in  Sec.  3-5. 

The  procedure  of  the  calculation  reduces  to  the  following: 

1.  In  the  channel  there  ai'e  inscribed  circles  (Fig.  8-6).  Through  point  of 
tangency  of  those  circles  with  the  walls  of  the  channels  A  and  B  there  are  drawn 
equlpotentlal  lines  (in  the  form  of  arcs  of  a  circle).  There  are  determined  the 
lengths  of  these  equlpotentlal  lines  a  and  the  lengths  of  radii  of  curvature  of 
boundary  lines  at  pointe  A  and  B  (r^  and  r^). 

2.  For  each  equlpotentlal  line  there  are  calculated  the  dimensionless 

geometric  paimeters  s  <i  —  ;  r,  ~  ^  - ;  A,  ■  I  . 

3.  Hfvere  are  determined  parameters  of  gas  at  entrance  into  the  oaseac;e: 

dljnenslonloao  speed  the  reduced  flow  rate  q  =  q  (  i)  and  ratio  oJ  densltlss 

(ij)  froiu  Uio  tsbles  of  gas-wlynaovics  fujjctions. 

Pvr 

^Anr.lo  Jl.  i»  calculated  on  tho  basis  of  empirical  formulas,  for  e3(aitiF]«,  by 

.toxY'u  1,1,  ( H-36)"'(S«c .  8-6) . 
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U.  The  Average  reduced  flow  rate  can  be  deteznnined  bjr  the  reduced  flow  rate 


at  entrance: 


,  ==  'sin?,. 

'•m  0  ai,a.  ’‘a  ** 


(8-1) 


$.  The  ratio  of  the  densities  is  detensined  by  calculated  atrerage  reduced 
flow  rate  by  issans  of  tables  of  gas-dynaadcs  functions. 

6.  The  ToluBMitrlc  flow  rate  Q  through  considered  section  a  is  determined  b7 


the  formula 


(8-a) 


Where  Q  »  o  t  sin  .3^  is  the  ▼olumetric  flow  rate  at  entrance  into  channel* 

X  XX 

7*  By  formula  (3-44) «  which  in  our  desij^tlons  has  the  form: 


J _ I _ 

«  I  I  f-U," 


_ 

i-Ki  j-  4a:, 
I  +  K I  +4A"i 


(or  from  the  graph  in  Fig.  3-14)  we  find  . 

8.  Speed  of  gas  at  the  point  A  is  determined  by  the  relationship 

f  -9. 

and  by  it  there  is  determined  the  magnitude 

9*  Speed  (dimensionless j  and  by  it— the  dimensional)  at  point  6  is  determined 


by  the  formula 


Ki  l+e— Aio*’ 


(8-3) 


As  to  the  accuracy  of  determining  speeds  in  cascade  by  channel  method  it  is 
possible  to  judge  from  Fig.  8-7*  in  which  there  le  presented  a  comparison  of  ths 
calculated  and  experimental  data  for  an  impulse  cascade*  Aa  is  evident  from  Fig.  8-7» 
the  marked  divergence  between  the  calculation  and  the  experiment  is  obesrved  only 
near  the  leading  and  trailing  edges  which  is  entirely  as  expected. 


Fig 4  Q-7.  Comparison  of  calculation  of  potential 
flow  in  cascade  by  channel  methods  with  the  ex¬ 
periment  (•—empirical  curves;— calculated  curves). 


S-3,  Forces  Acting  on  Profile  in  Cascade, 

Theorem  of  N.  Ye,  Zhukovskiy  for  a  Cascade 

For  determining  the  forces,  operating  on  a  profile,  xe  shall  isolate  a  portion 
of  tloMp  aa  is  shoxn  lit  Figs,  6-8  and  8-9,  The  outer  boundaries  of  the  Isolated 


region  are  the  sectors  ab  and  parallel  to  axis  of  cascade  and  equal  to  the 
pitch  t,  and  the  lines  of  flow  ad  and  The  lines  ab  and  strictly  t  peaking, must 
be  .found  at  an  .infinitely  great  distance  from  the  cascade,  since  parameters  of 
flov  along  these  lines  aro  assumed  to  bo  constant.  The  inner  boundary  of  the  region 

In  th»  oiont-ow'  of  profile. 


441 


Fig.  d>9.  Forets,  acting  on  proflls  In  coaprsasair 
(dlffttsor)  easoade. 

Projections  of  the  force,  with  which  flow  acts  on  a  profile  of  unit  length, 

we  shall  designate  as  and  P^.  Magnitude  of  these  forces  can  be  detenained  by 

are 

equation  of  nomentum.  Since  the  lines  of  flow  ad  and  ^  /^uidistantt  then  the 
resultant  forces  acting  on  that  portion  of  flow  isolated  by  these  lines  are  equal 
in  aagnitude  and  opposite  in  sign,  in  the  projection  in  a  direction  nomal  to  axis 
of  cascade  variation  of  the  momentum  is  equal  to: 

m = -  cj  t  (A»,  -  A,)  -  />., 

where  is  a  conponent  of  the  force  P  in  a  direction,  normal  to  axis  of  cascade. 
The  mass  of  gas  per  second  is  determined  by  the  formula 

a»=p,f^,/==p,cj. 


therefore 

+  (8-4) 

The  projection  of  the  force  P  onto  the  axis  of  cascade  can  be  expressed  by 
the  equation 

P,  « (c.i  — 


Equations  (8-4)  and  (8-5)  can  b«  praaented  in  another  form  ,  expreseing  the 
forces  and  by  the  circulation  integral  T  and  paraaetera  of  flow  at  entrance 

and  exit  of  cascade. 

According  to  the  equation  of  continuity 

where  p  is  the  average  density  of  gas. 

The  speed  c^,  contained  in  this  expression,  we  shall  determine  as  the  arithmetical 
Average  of  the  speeds  at  entrance  and  exitti 

j,  ^  ‘mi  +  ‘mi 
2  . 


It  is  readily  shown  that  hare 


- 

fi  +  pt* 


Circulation  integral  around  the  profile  is  equal  to: 
since  the  circulations  along  the  equidistant  linos  £d  and  ^  are  identical  in 

I 

magnitude  and  opposite  in  sign.  j 

After  simple  transformatione  from  (8-4)  and  (8-5)  |we  obtain: 

*=  /(p,  -  p,  -  pc„  (c„,  - 


(8-6) 

(8-7) 


(8-8) 


^IL.0^ 


tfs  shall  use  equation  of  energy  (2-11),  Since 

4  and  4. 


than,  designating  ^  ^ 


obtajn: 


i^mi  UV  it  —  I  [pt  Pi  I 

After  substituting  thit.  expresslcm  in  equaticm  (8-8)  and  taking  into  consider¬ 


ation  formula  (8-7),  we  obtain: 

-  r^,  i‘(^— ?)]+!''’<’.■  (»-u) 

roro«/>,ls  oon»nl.nt3jf  repr.Mnt.4  in  th.  fom  of  th.  in.  of  two  forcMi 

idiere 
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and 


Tha  raaultani  foreaa  P  and  P  va  ahall  dealgnat'a  by  P  ,  and  total  resultant 

•  Ir 

forca— by  P  (Pig.  8-9)* 

Tha  forea  P^  wa  shall  datamlna  by  tha  fomula 

After  substituting  hare  the  values  P  and  P^^,  wa  obtain: 

But 

4*  “  tf*. 

uhara  la  tha  naan  vaotor  speed « 

Consequently,  tha  axpraselon  for  P^  durJjng  flow  around  oasoada  has  the  sane 
fom,  as  in  ease  of  single  profile  (Sao.  3-A)* 

(8-33) 

Diraotion  of  foroa  P  la  parpandioular  to  tha  dlraotion  of  tha  vaotor  spaed 

y 

0.  This  follows  from  evident  equality 

Un 

'•I 

Thus,  the  Zhuvkoskly  force,  operating  on  prof lie  in  a  cascade  is  equal  to  tha 
Broduot  of  the.ayeraga  dansUy  of  gas  a^^  circulation  integral  around  profile' md 
^ha  naan  vector  spaed.  Tha  diraotion  of  tha  foroa  P^  is  dataminad  by  rotating 
tha  vaotor  of  spaed  3,  by  90”  in  a  direction  ojqposlta  to  tha  diraotion  of  tha 
eiroulation. 

We  raoall  that  tha  density  if  oorrasponds  to  average  apaolflo  volume,  l.a.^ 


Thus,  wa  astabllshad  that  in  distinotion  from  a  single  profile,  tha  resultant 
force,  aotlng  on  profile  in  oasoada  la  equal  to  the  sun  of  tha  Zhukovskiy  force  P^ 
and  tha  additional  force  ^P^,  perpandloular  to  axis  of  oasoada: 


It  Is  ijuportant  to  note  that  nature  of  the  forces  P  and  AP  Vvurles.  While 

y  a 

the  force  P  depends  on  circulation  of  flow  and  vanishes  at  r<<°0,  the  force  d  P 

J'  • 

does  not  directly  depend  on  circulation* 

The  force,  acting  on  profile,  has  been  dotemined  for  the  general  case  of  motion 
of  gas.  By  means  of  the  general  relationships  obtained  there  le  readily  obtained 
the  magnitude  of  aerodynamic  force,  acting  on  the  profile,  for  certain  particular 
oases.  Thus,  for  example,  by  changing  froei  a  cascade  to  single  profile,  by  increasing 
the  cascade  pitch  ad  infinitum,  we  obtain  Pj-  '-Fp  ^  **a  *"  ^  ® 

consequently,  in  the  case  of  an  Isentropie  flow  around  an  isolatsd  proflls,  the 
resultant  force,  acting  on  the  profile,  is  equal  to  the  Zhxikovskiy  fores: 

where ^  f  .and  o  are  density  and  speed  of  incident  flow. 

Direction  of  force  is  perpendicular  to  the  direction  of  speed  of  inoidsnt  flow. 

In  changing  to  the  case  of  flow  around  a  cascade  by  an  inoompresslble  fluid, 
first  of  all  we  ehould  turn  our  attention  to  the  fact  that  in  equation  (B-IZ)  the 
second  term  on  right-hand  side  is  proportional  to  the  ohange  in  potential  energy 
of  flow  (taking  into  account  hydraulic  losses),  i.e.y 

*^vir  i-J  2  * 


For  an  inoomptressible  fluid  (p,  p,  =  p)  frem  equation  of  energy  we  find: 

A  —  ^  Pit  — 

rsA  — • —  I 

2  » 

where  p  is  the  theoretical  pressure  when  there  are  no  losses. 

2t 


Consequently, 


= -- 1  (p„  -  Pi)  =  “■ 


Difference  of  pressures  ^P,% 


•p^  is  equal  to  the  loss  of  prensure  In 


easnsde.  Thus,  in  case  of  a  flow  around  a  cascade  by  a  flow  of  an  incompmssible 


fluid  the  supplemental  force  is  negative  and  is  determined  by  the  loss  of  jn'essure 
In  cascach"  (one  should  not  confuse  loss  of  pressure  ^Pn  with  the  dlffercitce  of 


pr«8sur«s  Pg —  Pj^). 

In  the  Absence  of  losses  Lp^^-0  end  d/>^=0.  In  this  ease  the  resultant 
force  for  «n  Incoopresslble  fluid  is  equal  to  the  Zhukovskiy  force 

/>  =  P^=.pIV. 

8-4.  Class  if  loat  ion  of  Losses  and  Fimdamental 
Characteristics  of  Cascades 

In  the  motion  of  a  gas  through  turbomaohine  cascades  energy  losses  develop: 
part  of  the  kinetlo  energy  of  flow  owing  to  viscosity  irreversibly  will  be  converted 
into  heat. 

Certain  results^ under  consideration  in  the  present  chapter^i  of  the  theoretical 
and  experimental  investigations  of  a  flow  of  gas  in  easoades  make  it  possible  to 
classify  the  losses  of  energy  according  ifO  the  following  scheme: 

A.  Profile  losses  (in  twoHdinensional  cascade  with  an  infinitely  great  height}^ 
including:  1)  loss  to  friction  in  boundi^  layer;  2)  vortex  losses  during  soparatlons 
on  profile;  3)  vortex  losses  after  trailing  edge  (edge  losees). 

B.  End  losses  In  rectilinear  three-dimensional  cascade  (additonal  to  group  A"). 

C.  Wave  losses  (additional  to  groups  "A"  and  "B”  during  transonic  and  super¬ 
sonic  speeds)  in  shock  waves. 

oaussd  by  non-ststionarlness  and  high  turbulence  of  flow. 

Peft  losses  in  circular  (cylindrical)  cascade  caused  by  deflections  of 
geoBStrlo  parameters  of  cascade  from  optimum  values  and  radial  leakage  of  gas. 

It  is  neosssary  to  enphasise  that  the  profile  losses  in  cascade  are  analogous 
to  the  profile  drag  during  flow  around  an  individual  airfoil  profile  (Chapter  5)* 

ePoaeibility  of  generalising  Zhukovskiy's  theorem  in  the  ease  of  a  flow  of 
ineofspressible  fltdd  through  a  cascade  woe  pointed  out  for  the  first  time  by  B.  3. 
Steehkin  In  1944.  An  accurate  solution  was  obtained  by  L.  I.  Sedov  in  1948.  The 
basle  of  Zhukovskiy's  approximate  theorem  for  a  cascade  in  the  flow  of  cnapresslble 
fluid  was  proposed  by  L.  0.  Loytsyanskiy  in  1949.  The  discussed  generalisation, pre¬ 
sented  in  the  above  poragraphiof  Zhukovskiy's  theorem  for  a  cascade  in  adiabatic 
flow  of  gas,  was  given  by  A.  N.  Sherstyuk. 


Th«  differonno  consists  only  In  the  fscti  during  an  investigation  of  cascades  there 
are  established  the  relative  Icssea  of  energy^  and  the  profile  drag  la  charactoriaed 
by  a  drag  force «  related  to  the  velocity  head  of  Incident  flow.  Physical  nature  of 
the  profile  losses  and  the  profile  drag  is  identical.  Vortex  losses  during  separation 
of  flow  on  profile  and  after  trailing  edge  are  equivalent  to  the  pressure  drag. 
Consequently  the  profile  losses  may  be  considered  as  the  sum  of  frictional  losses 
and  "losses  of  pressure.* 

Losses,  related  to  groups  "fi",  "D",  and  "E",  are  specific  for  cascades.  Wave 
losses  (group  "C")  develop  in  cascades  in  a.  specific  form. .  However  this  group  of 
losses,  caused  by  irreversible  processes  in  shocks  is  analogous  to  the  wave  imped- 
anca  during  flow  around  a  single  profile. 

Xn  ealoulating  the  stage  of  a  turbcoaohlne  it  is  necessary  to  know  the  direction 
of  flow  at  exit  of  cascade  (flow  angle  at  exltVand  the  energy  or  pow»r  characteristics 
of  cascades.  Below  there  are  considered  individual  components  of  the  losses  and 
there  are  pointed  out  methods  of  calculating  the  basic  aerodynamic  properties  of 
cascades. 

For  evaluating  of  a  t\u*bine  cascade  in  distinction  from  Blpgle  profile  thexvi 
are  Introduced  chief ly  the  energy  charaoterlstloS.  Compressor  cascades  are  ohoraober- 
ised  chiefly  by  power  coefficients. 

Power  characteristic  of  a  cascade  is  the  coefficient  of  lossus  determined  as  the 
ratio  of  the  portion  of  kinetic  energy,  which  irreversibly  has  transformed  into  heat. 


to  the  available  kinetic  energy: 


■  -•] 


(8-2A) 


where  p^  are  tho  pressures  of  absolute  stagnation  before  and  after  cisoade; 

is  the  M  number  after  cascade  In  case  of  an  isentropic  flow. 
Considering  that  numerator  of  eaqpresslon  (6-lA)  is  the  square  of  certain 
fictliloos  number  calculated  on  the  basis  of  stagnation  parameters: 


44/ 


(d-15) 


Tha  fomula  for  tha  coefficient  of  loaaas  can  be  presented  in  the  form: 


t- 

The  efficiency  of  cascade  Is  detendned  by  evident  expression 

1=1 -C.  (S-l$a) 

During  an  exparlnantal  investigation  of  caeoades  there  is  determined  the  field 

of  stagnation  pressures  before  and  after  cascade  and  p^^  and  static  pressures 

p,  and  p  .  From  these  data  by  means  of  formula  (8-14)  there  are  calculated  the 
li  2i 

polntwise  values  C,. 

The  actual  flow  at  entry  and  at  exit  of  oasoade  is  nonunlfom:  the  speeds,  flow 
angles  >  and  static  pressures  vary  aooording  to  the  pitch*  therefore  values  of  local 
loss  cMffloients  of  energy,  and  also  other  eharaoterlsties  of  cascade  must  be 
averaged  according  to  the  pitch .  For  deten&lnation  of  averaged  eharaoterlsties 
thers  must  be  formulated  the  concept  of  an  ideal  (theoretical)  process  in  a  easoads 
during  nonuniform  flow.  As  an  ideal  process  it  is  possible  to  consider  such  an 
laentropic  process,  during  which  in  the  investigated  section  there  are  maintained 
constant, in  comparison  with  actual  process, the  fields  of  static  pressures  and  direct- 
ions  of  speeds.* 

The  efficiency  of  the  cascade  in  a  nonuniform  flow  is  calculated  by  the 


formula 


1“ 


y  niaf fdt 


(6-16) 


where  c^  le  tha  actual  apeed; 

I  Pi  —density  of  gas  in  actual  flow. 

Introducing  in  this  expression  the  reduced  flow  rate  g  aft  elenmntary 


*In  another  definition  of  an  ideal  process  it  is  assumsd  that  the  entry  and 
exit  angles  of  the  cascades  are  equal  to  the  average  angles  (i,  and  p,,  determined 
by  equation  of  momentum. 


!•  It  r\ 


irMisfomationa  we  obtain: 


<  I 

j^3i  jnfiji  *>"  f»  f 

.  S5._ - 

^  •*«  tin  yt 


(8-17) 


The  laet  expression  is  obtained  on  the  assumption  const.  The  magnitude 


-  »t  » 

fl'a,  is  the  theoretical  speed  and 


reduced  flow  rate  at  point  after  cas¬ 


cade  , 


For  calculations  on  the  basis  of  forsmla  (8-17)  it  is  convenient  to  use 
diagram  proposed  A.  V.  Gubarev  (Pig.  8-10). 

Diagram  la  oonstruoted  for  separate  determination  of  magnitudes 


‘nd 

The  order  of  oonstruotiun  and  uses  of  the  diagram  are  readily  understood 
by  means  of  Fig,  8-10.  On  the  basis  of  the  values 

point  of  Investigated  flow  there  are  determined  and  respectively.  Then 
there  is  made  separate  suassatlon  of  auignitudos  A^  sin  and  sin  fi^^.  Pinal 
expression  for  cascade  efficiency  has  the  form: 

e' 

J  Xiiin  Jji 
_ fc.1 


whore  n  is  the  number  of  aeleoted  sectors  within  lisdts  of  cascade  pitch. 

In  addition  to  coefficient  of  losses  of  a  cascade  in  calculating  the  stage 

^there  is  used  the  coefficient  of  flow  rate«  equal  to  the  ratio  of  actual  flow  rate 

to  flow  rate  in  an  ideal  process .  Since  the  flow  rate  of  a  gas  through  oni  and 

the  same  channel  y.  V  i 

fp»Ci  sin  p,dt = g  Ip.c,  sin  p,  rf/, 

'  '  '  (»»-18) 

then,  by  using  formula  (2-58),  wo  find  coefficient  of  flow  rate  in  such  a  j’orm: 

# 

(M-19) 

M - -  V 


r 
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rig.  8-10.  Diagram  for  detarmining  losses  in  adiabatic 
flow  (k  *•’  1.4)* 

KEY:  (a)  Diagram  A;  (b)  Diagram  (c)  Flow  paraoieters 
at  point  of  field. 

By  means  of  formulas  (8-18)  and  (2-38)  momentum  after  cascade  can  be  presented 


in  this  form: 


Then  the  utilisation  factor  of  impulses* 


f 

"Si  •*" 


(8-20) 


■In 


*The  coefficient  f  frequently  is  called  the  velocity  coefficient.  Formulas 
(8-19)  and  (8-20)  are  obtained  by  means  of  equations  of  continuity  and  momentum  on 
the  assumption  that  in  an  ideal  process  the  field  of  angles  and  pressures  is  kept 
the  same  as  in  an  actual  process. 


whera  , 

It  Is  readily  ahoMi  that  the  diagram  construetsd  tor  determining  i|  (Fig.  8-10) 
makes  it  possible  also  to  find  p  and  ^  in  a  nonuniform  flow.  For  determining  (i 
it  is  sufficient  in  diagram  B  to  find  the  value  (at  intersection  of 

experimental  values  end  'P2i^^Gi)  ®t  "  ^t  intersection  of  curves 

N 

Vgjilnfj/ 

TT- - 

S8|«lnJu 

For  determining  7  it  is  necessary  to  construct  additional  diagram  of  the 
function 


Since 


then 

f  “"gT'  • 

iHl 

'Hi 

The  averaged  value  of  flow  angle  at  exit  is  determined  by  the  equation  of 
momentum.  Mean  values  of  projections  of  speed  after  the  cascade  are  equal  to: 


I 

(e,  cosp,),.^=^  «.  I Ai'/.i.  cos  sin  ?,dti 

I 

(c,8inp.),^=^^  •. 


Then  the  average  angle 


9 

Pte^*=srcr4v-t - , 

451 


<8-21) 


8-5.  The  boundary  I,ayer  and  Frictional  Loaaea  in  Caa cades 

Tho  detemlnation  of  the  structure  of  the  boundary  layer  forming  In  a  profile; 
the  establishment  of  points  of  transition  and  separation  of  layer  are  important 
part  of  the  problem  on  profile  losses  in  cascades.  The  scheme  of  the  formation  of 

a  boundary  layer  on  a  profile  in  a  two-dimensional  cascado  is  shown  in  Fig.  8-11,  a. 

Using  a  graph  of  distribution  of  speeds  along  contour  of  profile,  ws  shall 
trace  character  of  change  of  layer  on  concave  and  convex  surfaces  of  blades. 

On  the  concave  surface  after  the  point  of  stagnation  (critical  point the 
thickness  of  the  layer  increases  slightly.  At  places  of  greater  curvatux'e,  where 
speed  of  external  flow  either  remains  constant  or  drops  the  thickness  of  boundary 
layer  Increases,  At  these  points  there  may  develop  a  transition  from  a  laminar 
layer  to  a  turbulent,  and  under  certain  flow  conditions— even  a  local  separation 
of  the  layer.  In  noasle  section  near  contraction  eeotion,  where  pressure  rapidly 
falls,  and  the  speed  increases,  thickness  of  boundary  layer  decreases  and  attains 
sdnlmum  valuss  on  descent  from  profile. 


Fig.  8-11.  Schematic  diagram  of  formation  of 
boundary  layer  on  profile  in  cascade, 
a— without  separation}  b— separation  on  back 
of  blade. 


On  the  beck  edge  in  the  direction  of  contraction  section  the  thicfcaess  of  the 
layer  also  deoreasae.  Along  back  edge  in  an  oblique  cross  section  there  is  a  marked 
rapid  increase  in  thickness  of  layer,  which  attains  along  trailing  edge  maximum 
values.  A  certain  portion  of  back  edge  In  oblique  cross  section  is  flovted  around^ 
as  a  rule^wlth  a  positive  gradient  of  pressure  (diffusion  sector  of  back  edge) 
which  soostines  stay  result  In  a  separation  (fig.  d>ll,b). 

In  designing  a  easeadsi  practically  esssntlal  Is  ths  detsrminatlon  of  location 
of  transition  region  of  laminar  layer  into  turbulent  and  conditions  of  continuous 
flow  around  a  profile.  As  the  calculations  and  experiawnts  show,  point  of  transition 
most  frequently  coincides  with  point  of  sdnlmum  prossures  on  back  edge  or  it  is 
■cnsidiat  displaced  into  dlffusor  region.  In  those  eases  tdien  flow  is  strongly 
turbullsed  point  of  transition  suy  bs  considerably  displaced  against  flow  (into 
noisle  region). 

vj  shall  consider  certain  results  of  an  experimental  investigation  of  boundary 
layer  iln  imptxlse  and  reactive  turbine  cascades. 

jn  Fig.  8>12  there  are  presented  results  of  msasuremsnts  in  boundary  layer  on 
back  edge  of  profile  TC-2A.  Ihe  high  degree  of  contraction  of  the  channels  in 
cascade  (Fig.  8>12,a)  creates  favorable  conditions  for  the  maintenance  of  a  laminar 
mode  in  the  layer.  However,  at  the  exit  to  oblique  cross  section  (  xca  “  0.5)  laminar 
Isyer  loses  stability  and  transforms  into  a  turbulent  layer.  Zone  of  transition 
is  determined  entirely  satlsfaotorily  by  the  described  method  in  Chapter  5 
and  occupies  about  of  total  contour  of  profile.  The  further  flow  in  boundary 
layer  bears  an  obviously  pronowosd  turbulent  character  (Fig.  3-12, b).  Aftnr  region 
of  transition  in  oblique  cross  section  on  back  edge  there  is  noted  an  inteniie  in¬ 
crease  in  the  momentum  thickness. 

Boundary  layer  on  the  concave  surface  up  to  trailing  edge  is  laminar.  Hence 
It  may  be  concluded  that  the  point  of  sepai’ation  on  trailing  edge  is  looatec', 
asyntmetrically  with  respect  to  center  line  of  profile. 
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Results  of  investigation  of  boundary  layer  in  an  iiapulso  cascade, composed 
of  profilss  of  the  Moacow  Power  Engineering  .rnstitute  TP-OA,  showed  that  also  horo 
with  a  calculated  entrance  angle  there  exist  throe  aonss  of  flow  in  the  laj'^er,  which 


are  arranged  in  the  same  manner,  as  in  channel  of  reactive  cascades. 

With  optimum  entrance  angle  23®  (Fig.  8-13)  the  distribution  of  speads  along 
the  back  edge  is  that  of  a  noaxle.  Transitional  aone  at  all  values  of  la  located 
after  the  minimxun  section  of  channel  at  the  entrance  in  an  oblique  cross  section 
and  a  change  of  flow  condition  according  to  the  H  and  Re  numbers  does  not  result 


in  a  narked  redistribution  of  extent  of  landnar  and  turbulent  sections  of  the 


layer. 


Fig.  8-12.  Distribution  of  speeds 
In  boundary  layer  on  back  edge  of 
profile  a)  and  distribution  of 
momentum  thicknesses  along  back 
edge  b)  for  reactive  cascade 
TC-2A. 

KKY:  (a)  Results  of  calculation; 
(b)  Results  of  experiments. 


k) 


At  small  sntranca  angles  (  »  14)  the  antiro  bovindary  layar  on  back  adga  ia 

found  to  ba  ttirbulant  and  tha  nomantum  thickness  for  trailing  edges  on  back  edge 
Ineraasas  by  2.0  to  2.5  times  in  comparison  with  p,  •»  23  (Fig.  8-14)> 

Sssantlal  changes  in  tha  distribution  of  tha  thickness  are  marked  also  on 
the  concave  surface  (Fig.  8-15)  »  If  at  p,  23"  0,52)  were  found  to  bo 


Fig.  6-13.  Change  of  momentum  thickness  on  back 
edge  of  profile  of  impulse  cascade  TR-OA  at  dif¬ 
ferent  numbers  (experiments  at.  Moscow  Power 
fiiglneering  Institute  (MEI). 

of  an  order  0.7  *  10*“^,  then  with  transition  to  B,  «>  14°  the  thickness  's”  decreased 

•  •  tor 

to  0.27  *  10  *'.  The  total  momentum  thickness  with  a  decrease  in  flow  angle  at 
entrance  increases  by  60  to  70Sf.  With  an  Increase  in  Increases  on  concave 

surface  and  decreases  on  back  edge.  Kowever,  the  total  momentum  thicknees  increasee 
lose  intensely  than  with  a  decrease  in  flow  angle  at  entrance.  Hence  it  directly 
follows  that  at  a  certain  optimum  entrance  angle  £%'*  is  minimal.  The  dependence 
of  the  thicknese  T*  along  trailing  edges  on  p,  for  e  reactive  cascade  is  ehown 
in  Fig.  8-15yb.  The  less  is  the  contraction  of  the  flow  in  cascade  the  mors 
jjitensive  is  the  change  of  depending  on  p,. 
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Pig.  S-14.  Profll«s  of  spead  a)  and  change  in 
Moaentuai  thlcknese  along  back  edge  b)  for  impulse 
cascade  at  9,  *>14°. 

KBIi  (a)  0  calculation; {b)  •  experimont 


I 


Pig.  8-15*  D«p«ndence  of  on  flow 

«ngl«  *t  •ntrance  3,  for  impulse  and  ra- 
aeilra  eaecados  (a^q^arimenta  at 
Koaoow  Power-Englnaering  Inatituta. 
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The  Influence  of  two  other  flow  mode  p&rattetara  (Re^  and  M^)  on  structure 
of  lATor  In  case&den  can  be  traced  by  graphs  in  Pigs.  6-13  and  With  an 

Increase  in  Re^  and 

An  intensive  decrease  in  Y‘  with  an  increase  in  K  is  explained  to  a 
significant  degree  by  the  change  in  gradimts  of  speed  in  the  intervane  channel. 

From  the  distribution  of  speods  given  in  Fig.  8-13  there  is  readily  seen  the  increase 
in  contraction  on  back  edge  with  an  increase  of 

With  a  traneition  to  supersonic  spasds  the  magnitude  ~s"  markedly  increases 
as  a  result  of  interaction  between  a  compression  wave  and  the  boundary  layer.  In 
place  where  the  shock  falls  onto  back  edge  in  oblique  cross  section  there  may 
be  observed  a  separation  of  the  layer. 

Very  significant  Influence  on  structure  of  boundary  laTsr  Is  exerted  by  the 
degree  of  turbulence  in  the  flow;  its  magnitude  in  turbomachlne  stages  may  attain 
large  values . 

Influsnoa  of  degree  of  turbulence  on  structure  of  boundary  layer*  on  back  edge 
of  reactive  and  active  profiles  can  be  evaluated  by  Pigs.  6-l6«a  and  b»  With  an 
Increase  in  turbulence  there  occurs  a  rebuilding  of  profiles  of  speed  in  the  layer: 
a  fllllng-in  of  the  speed  profiles  occurs  (Chapter  5)«  Aik  Increase  In  the  degree 
of  turbulence  results  in  reducing  the  laminar  layer  section  and  an  increase  in 
thickness  of  turbulent  layer. 

The  character  of  change  in  profile  losses  and  frictional  losses  depending  on 
degree  of  turbulence  for  two  types  of  cascades  can  be  evaluated  by  curves  in  Pig. 
8-l6,b.  In  a  reactive  cascade  TC-IA  an  Increase  of  from  1  to  results  in  an 
increase  of  C  2.6  to  A^.  For  active  cascade  TP-OA,  the  curve  r  has  minimum 

ft*  rp 

at  E  ■=  3^*  In  the  sector  Ijt  <E,<  There  occurs  a  turbulisation  of  the 

layer  at  point  of  separation  on  back  edge  and  the  losses  decrease .  At  >  3^  with 
an  increase  of  Eq  the  frictional  losses  increase  more  intensely  than  in  a  nozzio 

*The  experiments  were  made  by  V.  A.  Vrublevska. 


thickness  5"  markedly  decreases. 


r«aotlv«  eaaoads. 


Th«  e«.leul»tlon  of  tho  boundary  layor  in  cascades  is  aade  by  naans  of  the 
procedure  presented  In  Chapter  5*  Here,  as  a  prellalnary  neasure  there  aust  be 
calculated  or  exporinentally  detemlned  the  distribution  of  the  speeds  along  the 
contour  of  profile,  jt  is  used  to  make  a  calculation  of  the  nomentum  thicknesses. 


Af 


Fig.  8  -16.  Influence  of  degree  of  turbulence  on 
distribution  of  thicknesses  of  along  back 

edge  A)  and  on  profile  losses  and  frictional  losses 
in  reactive  and  impulae  cascade  TC-IA  and  T8-0A 
ft)  (experiments  at  Mosocn#  Porer-Bngintsrlng 
Institute) . 

XKTt  (a)  Reactive;  (b)  Impulse 


As  a  preliminary  It  is  necessary  to  determine  correctly  the  location  of  trinsltional 
region  on  back  edge  and  concave  surface. 

If  there  are  no  exporimontal  data  for  ’j"  in  tho  sons  of  transition  they 
may  be  determined  by  the  formulas  presented  in  Sec.  5-10.  During  high  degrees 
of  turbulence  the  transition  is  realised  near  the  leading  edge;  in  this  easy  necessity 


of  considering  the  laaiinsr  section  becomes  superfluous. 

The  loss  of  kinetic  energy  in  boundary  layer  (frictional  loss)  is  determined 
by  the  equation  of  energy,  written  out  for  exit  section  of  cascade: 


(S-21) 


whesre  u  is  the  speed  at  given  point  of  layer; 


u^  is  the  speed  at  external  boundary  of  layer; 
y  is  the  coordinate,  noroal  to  profile  at  a  given  point. 

In  the  absence  of  losseu  the  kinetic  energy  after  the  cascade  will  be: 

Where  G  » the  actual  flow  rate  through  one  channel-ls  detersdned  by  the  formula 


j  f  (P»M|  -  PM)c„  [  (Pi«i  -  P»)„„r 


(8-23) 


where  G.,  u  are  the  theoretical  flow  rate  and  speed  at  exit  of  cascade. 
The  coefficient  of  frictional  losses  is  equal  to: 


af, 


rt» 


ifter  expressing  A  E.  and  E  by  formulas  (8-^1),  (8-22)  and  (8*23)  after 

tp  t 


certain  transformations  there  may  be  obtained: 


'P  <*ln?,-S(V,VAT’ 


(8-24) 


where 


*1  = 


(&sr 


*  9 


t  —  _iL  are  dimensionless  speeds  after  cascade  for  actual  and 

theoretical  processes.  The  sign  £  indicates  summation  along 
the  back  edge  and  the  concave  sm'face. 

Resttlte  of  verifying  the  accuracy  of  the  calculation  of  layer  for  several 


It  r*n 


eaacadas  may  b«  seen  In  Fijs,  d»13  and  8>14<  A  eomparlaon  shows  satisfactory 
agraeoAnt  betwssn  tha  experinantal  and  ealoulatad  values  of  over  entire  region 

of  Bubsonic  apeeds  (up  to  M  “  0.955)* 

After  calculating  the  thickness  the  determination  of  frictional  losses 

a*** 

presents  no  difficulty,  if  the  magnitude  is  known.  For  calculating  turbine 

(nossle)  cascades  it  is  possible  to  assume  1.6. 

In  diffuser  (coi^preasor)  cascades  the  magnitude  H*  is  aomewhat  higher.  Thus, 
frictional  losses  as  a  first  approximation  may  be  considered  proportional  vre  the 
■oaentum  thickness  on  trailing  edge  of  profile  and  from  its  magnitude  to  Judge 
the  relative  efficiency  of  the  cascades. 

8-6.  Edge  loseea  in  Cascades 

In  the  descent  from  trailing  edges  of  the  profile  there  occurs  a  separation 
of  the  boundary  layer.  As  the  result  of  separation  and  Interaction  between  the 
layers,  flowing  down  from  the  concave  and  convex  e^wfaces,  with  the  external  flow 
after  trailing  edge  there  develop  vortices,  which  will  form  the  initial  sector 
In  the  wake  of  trailing  edge  (Fig*  B-17). 

Kithln  the  limits  of  Initial  sector  and  at  that  place  after  it,  where  there 
will  be  form  vortex  street,  the  interaction  between  edge  wakes  and  core  of  flow 
reduces  to  an  equalising  of  the  flow  after  the  cascade.  In  certain  section  after 
cascade  the  vortex  wakes  of  neighboring  profiles  are  closed  and  field  of  speeds, 
static  pressures  and  angles  become  uniform.  In  the  sector  prior  to  a  complete 
equalisation  average  statlo  pressure  of  flow  increases,  and  the  exit  angle  decreases. 

For  supporting  the  vortex  motion  after  the  edge  there  is  expended  a  pertion 
of  kinetic  energy  of  flow;  additional  losses  of  kinetic  energy  will  form  on  boundary 
of  the  wake  of  edge  and  of  the  core  of  flow,  where  there  develops  an  intense  turbulent 
•xchenge . 

The  format j.on  of  a  vortex  motion  in  wake  of  edge  ie  corroborated  experimentally. 


Fig.  8->17*  ScheoAtic  diagraa  of  flow  of  gas  aftsr 
oasoads . 

KEY;  (a)  core  of  flowj  (b)  wako  of  edge;  (c)  sector 
of  total  equalization;  (d)  primary  sector;  (e)  Initial 
sector. 

In  Pig.  d-ld  are  presented  ourTes  of  distribution  of  total  and  static  preasurss^ 
angles  and  temperatures  of  stagnation  at  a  certain  distance  after  edges  of  a  reaotiire 
cascade.  At  small  distances  from  edge  there  is  detected  a  significant  nonuniformity 
of  fields  of  pressures,  angles  and  of,  especially  important,  stagnation  tempera¬ 
tures.  In  Vfake  of  edge  the  pressure  and  etagnatlon  temperature  which  is  character¬ 
istic  for  vortex  motion  decreases.  A  change  in  T  Is  explained  by  the  nonunifora 

0 

distribution  of  speeds  and  vortex  effect  after  edge  (Sec.  5-1  and  5-16).  The  rapid 
equalisation  of  attests  to  the  Intense  exchange  between  the  core  of  flow  and  the 
wake  of  edge. 

With  a  small  thickness  of  edge,  the  thickness  of  boundary  layer  and  distribution 
of  speeds  close  to  the  points  of  separation  of  flow  as  wall  as  the  pressure  difference 
between  thesa  points  exart  a  decisive  Influance  on  ths  atructure  of  the  wake  of  the 
edge. 

As  the  thickness  of  the  edge  increases, the  losses  associated  »rlth  sudden  ex¬ 
pansion  of  flow  acquire  a  marked  effect.. 

In  Pig.  6-19  there  are  shown  results  of  drainage  of  trailing  edge.  As  la 


Fig.  6>ld.  Diairlbutlon  of  paranaters  of  flow 
after  trailing  edges  of  reactive  cascade. 

evldenti  presaure  along  edge  abruptly  changes.  Frou  side  of  concave  surface  the 
flow  is  a  noiils  flow  and  froa  aide  of  back  edge  diffuser.  Consequently,  the  point 
of  separation  ia  dlaplrioed  to  back  edge  of  blade. 

kith  a  change  in  thiekneas  of  trailing  edge  A  (Fig.  8-17)  the  distribution  of 
speeds  along  contour  of  profile  varies  and,  consequently,  there  occurs  certain 
reconstruction  of  boundary  leyor  close  to  trailing  edge.  The  frictional  losses 
here  vary  in  accordance  with  variation  of  energy  thickness  on  trailing  edge.  £x- 
perinents  by  V.  S.  Yelizarov  (Fig.  8-20)  have  clearly  corroborated  that  with  increase 
In  A  the  euro  //•£»”  varies. 

a.  .ST  coaMvk  "  “ 


Pig.  8-19.  Distribution  of  pressures  on  trailing  edge 
of  reactive  cascade  during  different  inodes  of  flow. 
HtBYi  (a)  Numbers  of  the  points. 
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Pig,  a-20.  Variation  of  anorgy  thickness  on  profile 
and  after  cascade  (a)  and  ajp*  depending  on  the 
paraaeters  x  (b)  according  to  V.  S.  Yelizarov. 

A  eignificant  influence  on  structure  of  flow  after  the  edge  is  exerted  by  the 
■pitch  of  the  blades.  With  a  small  pitch  (Pig.  8-19)  after  edge  is  detected 
rarefaction,  which  increases  somewhat  with  an  increase  of  As  the  pitch 
increases  average  pressure  after  edge  increases  and  with  a  specific  pitch  attains 
values,  larger  than  the  pressure  after  the  cascade.  Conaequontly,  with  an  increase 
of  pitch  both  the  relative  and  also  absolute  values  of  edge  lessee  must  decrease: 
these  oirouBStanoes  have  been  corroborated  experimentally. 

Certain  influence  on  edge  losses  is  exerted  by  the  shape  of  edge,  which 
determines  under  known  conditions  the  location  of  points  of  separation.  Exparimento 
show  that  in  case  of  a  rounded  edge  at  subsonic  speeds  the  initial  sector  of  the 
wake  is  narrower  (point  of  separation  displaced  along  flow)  than  along  a  flat 
truncated  edge. 

A  theoretical  calculation  of  edge  losses  is  very  complicated,  and  thia  problem 
up  to  present  is  still  unsolved.  Available  seaiempir.lcai  methods  make  it  possible 
to  evaluate  the  edge  losses  and  angle  of  exit  of  cascade  on  the  basis  of  experimental 
data,  obtained  for  spec if io  classes  of  prof ilea. 

Paraaeters  of  an  equalised  flow  after  cascade  may  be  found  by  means  of  a  common 
solution  of  equations  of  continuity,  momentum  and  energy.  For  a  fluid,  enclosed 

URU 


iatwsen  control  surfacsa  (Fig.  6-17),  parallel  to  each  other  at  a  distance,  equal 
to  the  sector  of  equalisation,  the  Indicated  can  be  vnrltten  out  under  the  foUovdng 
aasuaptions:  a)  the  flow  density  varies  slightly  in  the  process  of  mixing  (between 
sections  II— 11  and  II'— II' )•  field  of  speeds  and  pressures  between  edges  and 

in  section  II— II  are  uniform;  c)  back  edge  of  profile  in  nozsle  section  is  made 
rectilinear. 

In  this  case  equation  of  continuity  can  be  presented  as: 

Pf ,  (i  -  A/)  sin  sin  ,3„ 


or 


(8-25) 


where 

A/  is  the  thickness  of  edge  in  plane  of  exit  section  (Pig*  8-17). 

Equation  of  momentum  in  direction  of  axis  of  cascade  gives: 

c*  cos  p  (/  — •  A/)  sin  s=5  c cos  p,p/  sin  p,.  (8-26) 

Equation  of  moomntum  in  direction,  perpendicular  to  axis  of  cascade,  can  be  written 
in  the  form: 

(^  “  6/)  -j-  /7,  (/  —  ~ 

==ej.psin*p,/-f./;^^/.  .  (8*27) 


From  equations  (8>^5)  and  (6-26)  there  readily  is  obtained: 

p,  arcH(t  —  J.  (8-28) 

Equation  (6-25)  and  (6-2?)  make  it  possible  to  find  the  Increase  of  pressure 
after  cascade:  »-  P:^~  P» 

It. 

(8-29) 


Piia 

... 


a » 


For  determining  the  theoretical  speed  at  infinity  after  a  cascade,  ^ 
equation  of  energy,  which  under  the  adopted  assumption  p,  —  ““  p  can  be 
presented  in  the  form:  „  , 

,  F.'ao  'i,i /’l 


(8-30) 


where  c\  the  theoretical  speed  in  the  section 

1(90 


By  naans  of  equations  (8-27)«  (d~28),  and  (8-30)  we  obtain  the  coefficient  of 
the  edge  losses  .  « tin*  . 

C  jsr. - - - ^<'■6. 

(«-3l) 


In  equations  (8-29)  and  (8-3l)  djjnensionless  pressure  after  edgns  p  must  bo 

kp 

determined  by  experiMdntal  data. 

Aeoordlng  to  (8-31)  with  an  increase  of  thickness  of  trailing  edges  \t  it  is 
expedient  simultaneously  to  incrovaae  the  relative  pitch  t  and  to  decrease  the 
blade  angle  in  order  to  maintain  a  given  exit  flow  angle  and  to  assure  moderate 


losses. 

The  above-mentioned  fomulas«  obtained  by  G.  Tu.  Stepanov,  eatlsfactorily  agree 
with  experimental  datai  however  practical  use  of  equations  (8-31)  is  made  difficult 
because  the  magnitude  may  vary  in  very  wide  limits  depending  upon  the  mode  and 
geonetrlo  parameters  of  the  cascade. 

V  •  S.  Yelisarov  proposed  the  method  of  approximation  for  determination  of  edge 
losses  as  the  difference  between  losses  at  a  certain  distance  after  cascade 
(profile  losses)  and  frictional  losses*  Coefficients  of  the  profile  losses  and 
frictional  losses  can  bo  expressed  in  terms  of  corresponding  arbitiary  energy  thicknes 
ses  [formula  (6-24)3. 

In  accordance  with  considered  method  the  energy  thickness  in  wake  of  an  edge 
is  expressed  by  the  formula 


where  i‘“  is  the  energy  thickness  in  section  of  wake  of  edge  at  selected  distance 
after  cascade. 

The  relative  energy  thickness  in  the  wake 
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(8-32) 


dopands  baslcalljr  on  the  complex 


AS* 
X — 

Vk 


4sr 


»’«**•’* 

COMC***! 


(a-33) 


A  corresponding  dependence,  obtained  experimentallor  for  a  continuously  streaia^* 
lined  profiles,  is  presented  in  Pig.  6>20,b.  The  formula,  approximating  this 
dependence,  has  the  form: 

r=.(0,2Ix-+l2.4x+22-.).|0-, 


Consequently, 


a*e«  • 

«,  -//« 


c;Cp+ 1). 


The  coefficient  of  the  profile  losses  is  deteralned  by  the  formula 

where  n, —width  of  narrow  section  of  channel; 

la  the  coefficient  of  friotional  losses  determined  by  formula  {&-2k)» 

Thus,  the  considered  method  of  calculating  the  profile  lossee  is  bassd  on 
satabllshlng  an  assoolstlon  between  edge  losses  and  the  frictional  losses,*  and 
besides  these  lot4^es  are  determined  separately.  ; 

An  evident  advantage  of  the  method  consists  ik  the  fact  that  it  makes  it  possible 
to  consider  Influence  of  different  gecoetric  and  mode  parameters  of  the  cascade  on 
the  edge  and  profile  losses.  With  a  change  in  these  parameters  theru  change  the  arbir 
trary  thickneeses  of  boundary  layer,  in  terms  of  which  there  are  expressed  coefficiento 


«op  and  Clip- 

However,  actxially  the  form  of  the  function  $*"(/.)  say  change  depending  not 
only  on  the  type  of  cascades  but  also  on  the  mode  of  flow  around;  thla  is  a  defect 
of  the  method. 

For  cascades  with  thick  edges,  thickness  of  which  considerably  greater  than 
the  thlokneee  of  the  layer  (  0.3),  a  method  of  solution  has  been 


*For  cascades  with  sharp  edges  a  method  of  calculating  the  profile  lost  os  was 
worked  out  by  L,  0.  Loytsyanakly.  V.  S.Yelisarov'a  solution  is  an  extensloi  of 
L.  G.  Iioytsyanukiy 's  msthod  for  cascades  with  edges  of  finite  thickness. 


proposdd  by  A.  Sherstyuk .  There  le  considered  the  flov  in  one  intervene  channel 
whose  boundaries  after  the  trailing  edges  are  straight  lines  made  by  the  exit  flow 
angle  to  the  front  of  cascade  (Fig.  8-17). 

A*  '  ‘dstately  the  exit  flow  angle  Is  determined  by  the  empirical  formula 

ht*  -  (*”  ■/)  •  (8-36) 

where  m  is  the  exparlatental  coefficient. 

With  a  great  thickness  of  trailing  edges  it  may  be  assumed  that  transitions 
from  section  1-1  to  section  I'-l'  and  from  section  2-2  to  2 '-2'  (Fig.  8-17)  cause 
the  same  loss  of  energy,  as  during  an  abrupt  expansion  of  the  flow.  After  determining 
the  magnitude  of  these  looses  there  can  be  obtained  the  approximate  formula 


4  ((l+0.7i^4,F  ^ 

'  +  4. 0.7J^»»  ^  (2|«  -  J 


(8-37) 


Here  (Fig.  8-1?)  ie  the  effective  "thickness"  of  trailing 

edge,  determined  as  the  distance  between  the  points  of  separation  s^%o,7i;  ; 


!  ”  «l  + 


ie  the  effective  "width"  of  narrow  section;  r*  is  the 


coefficient  of  speed  for  infinitely  thin  edge. 

The  simplest  empirical  formula  for  determining  edge  loasee  was  prjoposed  by 


0.  Flyugel': 


where  K  »  0.2.  However,  experlmente  show  that  the  coefficient  K  may  vary  within 
very  wide  limits  depending  upon  geometric  and  mode  parameters  of  the  cascade  (Fig. 
8^1). 

A  eaBq|>arlson  of  different  method  of  calculating  edge  losses  shows  that  the 
beat  results  are  given  by  formula  (8-34),  tdiich  takes  into  consideration  the 
influence  of  Re^  and  numbers  and  the  basic  gecsiotric  parameters. 

The  influence  of  Re^  and  numbers  (Fig.  8-21, b  and  0}  is  sxplalned  ohisfly  by 
tha  displacement  of  points  of  transition  and  separation  along  the  edge,  and  also 


by  th«  variation  of  frictional  lossea  (Chapter  5).  Eacpecially  characteristic  is 
the  curve  C^p(M,)  for  A  *•  0.42.  The  first  maxlmuB  of  curve  is  explained  by 
displacement  of  points  of  separation  against  flow  (laminar  separation).  The  turbuli- 
sation  of  layer  in  aone  of  separation  reduces  to  a  displacement  of  points  of  separa^ 
tion  along  the  flow  (critical  region  of  the  Re  number).  The  second  maximum  is 
associated  with  the  formation  of  local  supersonic  sonss  on  edge  and  the  displacement 
of  separation  against  the  flow  (i^ increases).  Transition  to  supersonic  speeds  is 
accompanied  by  inprovemant  of  the  flow  around  the  edge.  Thus,  the  flow  around  a 
thick  edge  at  different  Re^  and  is  qualitatively  reminiscent  of  the  spectrum  of 
the  flow  around  a  poorly  atreamlined  body  (See.  5>IA). 


Infltt«nc«  of  thlckress  of  odgs  on  tho  oxli  flow  angle  (Fig*  8-22)  is  found 
to  vary  depending  on  manner  of  the  edge's  formation*  In  trimming  the  edgo  by  nethcxi 


X  the  angle  3,  deersases  wlih  a  decrease  of  6.  A  trimming  of  the  concave  surface 
(by  method  II)  results  in  an  increase  of  as  A  decreases.  It  must  be  eaphasised 
that  the  effective  angles  determined  by  formula  (8>36),  as  a  rule,  does  not  coin¬ 
cide  with  the  actual  angle  in  which  (Fig*  8-22,b).  Correction  factor 

m  in  formula  (8-36)  makes  it  possible  to  convert  from  to  .  In  accordance 
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Fig*  8-22*  Dependence  of  exit  flow  angle  on 
the  relative  spacing  and  thickness  of  edge 
(A)  Re  numbers  (B)  and  Vt^  numbers  (e). 

KEY:  (a)  Method  of  edge  formation. 


irlth  tha  physical  nature  of  phanooana  after  edges  the  coefficient  m  depends  on 
Re  and  H  numbers,  and  also  on  thickness  of  edged (Fig. 8-22)  and  shape  of  back  edge 
In. nossle  section.  Experlmsnts  show  that  for  profiles  with  a  rectilinear  back  edge 
in  noasle  section  the  angle  !)•  For  convex  back  edge  p,  is  soaswhat 

less  than 

8-7.  Certain  Results  of  an  Experimental  Investigation 
ef  Twp-Dliaansional  Cascades  at  Subsonic  Speeds 

Ws  shall  consider  the  results  of  an  experimental  Investigation  of  profile 
losses  and  flov  angles  at  exit  depending  on  geometric  and  mode  parameters  and  shape 
of  profile  for  eer\  in  reactive  and  impulse  cascades. 
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ng.  8-23.  Influence  of  pitch  on  distribution 
of  pressures  about  profile  in  cascade  of  reactive 
type  (a);  profile  losses  and  flow  angle  at  exit 
(b). 

The  influence  of  pitch  angle  of  eetting  of  the  profiles.  Distribution 
of  pressures  about  profile  to  reactive  cascade  (Pig.  8-23}  shows  that  at  I  ■>  0.7 
to  0.8  nossle  flow  is  along  entire  contour  of  profile,  with  the  except! an  of 
short  sections  close  to  leading  and  trailing  edges.  As  the  pitch  Inoreeies  the 
point  of  minimum  of  preecures  on  back  edge  ie  displaced  against  flov,  regians  of 
nosile  flow  are  reduced  in  oblique  cross  ssotlon;  gradients  of  preseures  iii  nossle 


amd  diffuser  regions  Increase.  Consequently,  region  of  transition  is  dieplace-d  against 
flow^and  the  frictional  losses  increase  8otne>«hat  in  nozzle  section.  The  flow  around 
the  concave  stirface  with  an  Increase  in  the  pitch  becomes  favorable, 
because  the  nozsle  flow  near  the  trailing  edge  Increases ,  With  small  pitch 
the  flow  along  back  edge  in  nozzle  section  is  more  contracted;  however  gradients 


Fig,  8-24.  Influence  of  setting  angle  of  profile 
in  reactive-type  cascade  on  distribution  of  pres¬ 
sures  (a),  profile  loss  and  flow  angle  at  exit  (b). 

of  pressures  decrease. 

Consequently,  with  an  Increase  of  the  pitch  during  a  continuous  flow  around 
of  profile  the  frictional  and  edge  losees  vary  differently  ^ip  (frictional  loss) 

VJ*’ 

at  first  decreases,  since  the  relative  value  of  the  nceientum  thickness  - — 
daereases  and  with  large  pitches  increases  owing  to  an  increast  in  moosntun  thick- 
iMSs;  the  edge  losses  with  an  Increase  of  T  decrease  continuously.  As  a  result  the 
profile  losses  at  first  decrease,  and  later  increase.  Bangle  of  relative  pitches, 
corresponding  to  a  minimum  of  profile  losses,  is  called  optlnvai  (Fig.  8-23, b), 
Kxpsrlmsnts  clearly  show  that  range  of  optimal  pitches  depends  on  the  shape  of  profile. 

A  change  in  angle  of  setting  of  profile  Py  evokes  change  of  distribution  of 
pressures  along  the  profile  (Fig.  8-24).  In  accordance  with  this  the  gradients  of 
pressure  In  the  diffuser  and  nozsle  sections  in  profile  and  atructure  of 
boundary  layer  vary.  As  a  result  the  profile  losses  with  an  increase  of  fly  at  first 


d«cr«ase,  and  later  Increase  (Fig.  8-24«b)^  i.e.^ there  is  definite  range  of  optiiaal 
setting  angles.  It  aust  be  noted  that  this  range  depends  on  the  pitch  of  the 
eascade. 

The  tlcm  angle  at  exit  of  cascade  increases  with  an  Increase  of  pitch  and  of  setting 
angle.  In  Interval  value  /opt<^<l  Pv  opt^^*  ^  change  of  pitch 

varies  approximately  proportionally  to  arcsin 

The  slight  change  in  vithin  a  wide  range  of  changes  of  the  pitch  and  |^> 
is  important  peculiarity  of  reactive  cascades  ecoAposed  of  WBll<^treaallned  profilssf 
The  absolute  values  of  ^luifdo  not  exceed  2-3%  * 

Analogously  change  the  profile  losses  and  flow  angle  at  exit  depending  on 
t  and  |)y  for  cascades  of  active  type{  however^  range  of  fopt  P).  opt  for 
Impulse  cascades  is  found  to  be  narrower^  since  the  geometric  and  aerodynamic 
contraction  of  the  channels  of  such  cascades  will  be  less. 

Wi  note  that  presence  of  diffuser  sectors  on  back  sdge  in  nossle  ssotlon  with 
small  pressure  gradients  doss  not  result  in  a  sharp  Inersass  of  the  losses,  since 
with  small  degrees  of  turbulence,  the  trurialtlon  in  boundary  layer  proceeds  mors 
rapidly  and  the  aaparatlon  at  trailing  edges  la  displaced  along  the  flow. 

The  Influence  of  Mode  Parametera  on  Profile  Losses.  In  preceding  paragraph 
It  was  shovtn  that  depending  on  flow  angle  at  entrance  Pi  distribution  of 

thicknesses  varies  on  the  concave  and  convex  surfaces,  since  the  distribution 
of  pressures  varies  about  the  profile  (Fig.  8-25,a),  The  most  unfavorable  are 
modes  with  small  angles  at  enlranoa  (  43**),  when  in  entrance  sector  of  back 

edge  there  Is  a  marked  diffuser  section.  Here  the  boundary  layer  sharply  thickens 
in  the  contour  of  back  edge,  the  distribution  of  speeds  in  layer  deteriorates  and 
even  with  moderate  gradients  in  diffuser  region  in  noasle  section  a  separation 


-iHlsaotlve  and  impulse  rotating  casoades  with  small  profile  losses  have  oeen 
developed  at  the  Moscow  Power  £nginssring  Institute  (MBI).  The  Central  SoLintlfio 
Research  and  Design-Engineering  Boiler-Turbino  Institute  (TsKTI)  and  the  KtIov 
Central  Scientific  Institute. 
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Fig.  3-25.  Distribution  of  prossures  about 
profile  of  reactive  cascade  (a),  profile  loasea 
end  flow  angle  at  exit  (b)  depending  upon  exit 
angle  h  i  M_  “  0.5}  Re  «  3.46  *  10  5, 


Fig.  8-26,  Distribution  of  pressiires  about  profile  of  cascade 
of  lapulse  type  (a)}  profile  losses  depending  on  a.  (b)}  « 

0.7)  Reg  “  4  •  105.  ®  2 


dovolops;  sonMtlmas  tho  separation  my  develop  also  on  entrance  section  of  back 
edge.  With  ^i.  larger  than  the  design  value  the  diffuser  region  is  detected  on 
concave  sixrface.  However,  in  connection  with  the  fact  that  on  descent  from  thla 
Burface,  the  flow  le  of  noaile  type,  the  separation,  as  a  rule,  does  not  extend  to 
the  trailing  edge. 

An  analogous,  but  more  distinct  picture  is  detected  in  cascades  of  active 
(Flg>  Consequently',  at  email  angles  at  entrance  there  is  noted  a 

•igniflcantly  sharper  increase  of  losses,  than  at  large  angles  (see  also  Fig.  3-15). 

A  comparison  between  reactive  and  impulse  cascades  at  different^  t^i  obviously  shews 

ai 

that  cascades  with  a  smaller  geometric  constriction  are  more  sensitive  to  a  change 

•2 

in  Pi  . 

At  low  subsonic  speeds,  when  Influence  of  compressibility  can  be  ignored,  the 
profile  losses  depend  on  the  Reynolds  number.  Influence  of  Re^  is  especially  greet 
with  a  separation  of  flow  aroiond  the  back  edge  of  profile,  when  the  separation 
occurs  up  to  the  point  of  transition  of  laminar  layer  into  a  turbulent.  In  this 
ease  with  an  increase  in  Re^,  the  point  of  separation  is  displaced  along  the  flow. 
Here  losses  depending  upon  Rs  number  sharply  change  (Fig.  8-27)* 

The  Influence  of  Re^  on  the  profile  losses  must  be  considered  at  different 

angles  at  entrance  3,  and  degrees  of  turbulence  of  incident  flow.  The  geometric 

'j 

constriction  also  exerts  an  influence  on  the  character  of  the  dependence  (Re^)* 

With  small  degrees  of  turbulence  and  design  angles  at  entrance  there  is 

obviously  seen  the  significant  influence  of  Re^  on  at  (6  to  8)  •  10^. 

With  an  Increase  in  (Fig.  8>27,b)  region  of  practical  self-simulation  is  displaced 

towards  the  smaller  Re^  (Sec.  5’'1A).  A  decrease  in  Re^gif  is  noted  also  during 

email  Pk<^i  .  ^  and  for  cascades  with  email  constriction  of  the  channels. 

/  '  design 

Thus,  value  of  the  Re^  numbers  determining  region  of  self-aimulating  f low  ir  casoadea 
may  vary  within  wide  limits  depending  upon  shape  of  profile,  geometric  parcoietera 
of  the  cascade  the  degree  of  turbulence  and  the  angle  of  entrance. 
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Influence  of  conpreaaibility  (number  M^)  on  characteristics  of  cascadas  at 

euborltical  spaods  is  detected^  beginning  approximately  from  0.5  (Fig.  6-28). 

With  an  increase  in  M  ,  C„p  decreases  and  attains  a  mlnixiiuin  value  M  0.75  to  0.95 

2  » 

depending  upon  type  of  cascade  and  shape  of  profile. 


Fig.  8-27.  A^lnfluenoe  of  Re^  number  on  losses  in  cascade  of  reactive 
and  impulse  types  I  streamlined  mth  separation  (Curve  l)  and  vdth  contin¬ 
uous  flow  around  (Curve  2);  Lanigrad  Metallurgical  Mill  experiments 
(profile  2339) J  experiments  at  TsKTI  (profile  TH-2);  experiments  at  MEI 
(profile  TC-2A) }  B— inf luence  of  degree  of  turbulence  on  number  Re 
florreepondlng  to  beginning  of  auto-mcxlelling  region. 

KBTi  (a)lmpulee}  (b)  Reactive 

The  variation  of  depending  upon  in  euboritioal  region  during  continuous 
flow  around  is  readily  explained  by  the  fact  that  gradienta  of  preeaure  in  a  oon- 
preselble  fluid  increase  with  an  increment  of  M  (Chapter  3). 

m 

'll# 

In  a  noaile  flow  around  the  profile  the  momentum  thloknonn  i  daoreaaes,  and 
in  a  dlffueer  flow  around— correspondingly  increases  (S<»c.  8-5). 

As  lnor«ase8(the  point  of  minimum  of  pressures  In  nossle  section  la  somewhat 
dleplaoed  along  the  flow  and  value  diminishes.  As  a  result  the  exigent  of  the 
noHle  section  on  back  edge  increases.  Por  those  reasons  the  loseei  decrease. 
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I  Pig.  8-28.  Th«  jj»flu«nce  of  M  number  on  distrib- 

/  utlon  of  preaauree,  profile  losaea  and  flow  angle  at 

/  exit  for  caaoadea  reactive  and  impulse  typea. 

KEYt  a)  Impulse; b)  Reactive;  o)  No.  of  points. 

Analogous  results  are  obtained  also  for  impulae cascades. 

and  with  large  in  no»»le 
section  of  channel  and  on  edgea  of  profile  there  appear  aupersonio  regions ,  which 
are  tenainated  by  ahock  waves.  For  this  reason  there  appear  additional  wave  losses 
(profile  loss)  increases. 

The  flow  angle  at  exit  depending  upon  varies  Inslgnlficantljr  (Fig,  8-28, b). 
With  an  Increase  in  angle  deoreaoee  somewhat  and  at  it  increases,  thia 

explalmid  by  the  increase  of  losses  in  the  local  eupersonio  region. 

fi'Plflla  Chraoteristioa  of  Caacadea.  Results  of  measureroenta  of  C„p 
in  cascades  of  diiferenl  types  ahow  that  the  profile  characterietica  are  cainpoaite 
functions  of  a  large  number  of  parameters:  i-,  C(1,r,  M^,  5'  «  shape  >f  profile) 

and  can  he  astabllehed  only  experimentally. 


At  high  subsonic  spseda  (beginning  with 


fig.  8-29*  Profll*  oharaotvrlstica  of  reactlvo 
(a  and  b)  and  Impiilse  cascades  (A-0;A-l,A-2  and 
A«3‘~casaade  of  old  type). 


Sicaaqples  of  constructing  such  characteristics  for  Moscow  Power-Engineering 
Institute  (NEl)  cascades  of  reactlre  and  impulse  types  may  be  seen  frost  Pig.  8-29 
As  Is  erldent  in  fig.  8-29* the  profile  losses  In  reactive  cascades  at  90 
slightly  depend  on  angle  in  the  interval  12  to  18*. 


Profile  lo«M8  In  Impulse  caacsdes  are  snail  (3>0  to  ?$()  end  for  each  cascade 
within  a  wide  range  of  p,  very  in3lgnJ.fieantl9r  (Fig.  0-^9>o).  The  oonrea 
for  this  group  of  cascades  have  a  sloping  envelope.  In  Fig,  8-29,  also  curves 
of  losses  in  cascades  of  old  type,  formed  by  arcs  of  circles  and  segments 
of  straight  llne8)are  preaented.  It  le  readily  seen  that  nodern  cascades, 
developed  by  aerodynanlo  nsthcds,  have  by  far  the  best  characteristics.  This  result 
Is  corroborated  also  by  graphs  of  distribution  of  pressures  for  oonparable  shapes 
of  profiles  at  identical  flow  angle  at  entrance, 

8-8.  Three-Dinenslonal  Flow  of  Gas  in  Caseadea. 

End  Losses  and  Methods  of  Deereasinit  Then 

In  intervene  channels  of  cascade  of  finite  height,  as  in  a  single  curvilinear 
channel*,  secondary  flows  develop:  under  the  influence  of  transverse  pressuz^ 
gradient  there  occurs  an  overflowing  of  gas  along  flat  (or  cylindrical)  walls** 
from  the  concave  surface  to  the  back  edge  (Fig.  8-30). 

On  the  back  edge,  at  a  certain  distance  frost  tips  of  blades,  boundary  layer, 
streaming  from  the  flat  walls,  merges  with  the  main  boundary  layer,  moving  along 
trajectories,  parallel  to  the  flat  walls;  as  a  result  here  there  occurs  an  intense 
buUging  of  boundary  layer  and  there  develop  cosiponents  of  the  speed,  directed  to 
the  core  of  flow.  In  the  core  at  tips  of  blade  there  develops  a  flow,  directed  from 
back  edge  to  concave  surface,  foming^ together  with  peripheral  flow  along  end  walla, 
vortex  regions.  Thus,  along  back  edge  of  profile  at  tips  of  blade  there  develop  a 
paired  vortex,  consisting  of  two  eddy  regions.  The  vortices  have  opposite  senses 
of  rotation. 

In  a  photograph  of  wakes  of  flow  (Fig,  8-31)  clearly  evident  is  the  overflow 
of  boundary  layer  on  fist  walls  and  on  back  edge.  Since  after  region  of  generation  of 

*An  analysis  of  secondary  flows  in  curvilinear  channels  is  given  in  Sec.  3-lS. 

**Henoeforth  secondary  flows  only  in  a  belted  cascade  are  considered. 
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Flg>  8-30.  Soh«M  of  the  fomatlon  of  eaoond- 
«ry  flows  In  Intsrvsne  ohsnnsl  of  casosds. 
A~lins8  of  flow  on  flat  wall  and  on  back  adga, 
0— parlphsral  flow  In  boundary  layar  at  tips 
of  blada. 

KEIt  (a)  Bulges  of  boundary  layar;  (b)  Con- 
oava  surface;  (o)  Back  edge;  (d)  Prasaura  curve. 


vortices  the  inflow  of  gas  continues  from  the  and  walls,  than  the  vortox  motion 


increases  towards  exit  section  of  channel;  region  of  swelling  of  boundary  layer, 
and  also  the  core  of  the  paired  vortex  are  displaced  to  the  middle  section.  At  low 


heights  eddy  regions  extend  over  the  entire  section  of  channel,  forming  a  paired 
vortex,  characteristic  for  curvilinear  channels  of  a  square  section  (See.  !>-l^). 


Fig.  8-31.  Traces  of  peripheral  over¬ 
flow  in  an  Intervane  channel* 


Th«  distribution,  presented  in  Fig.  8-32,  of  losses  and  exit  angles  according  to 
height  of  cascade  ehom  the  eharacteriatie  change  of  these  nagnitudes  for  vortex 
regions.  With  distance  from  the  end  walls, the  losses  at  first  decrease  (Pig.  8>32,a), 
then  sharply  increase  and  then  again  decrease  towards  ntiddle  section  (losses  In 
middle  section  with  sufficient  height  of  cascade  ard  equal  to  the  profile  losses). 
Maximum  losses  correspond  to  region  of  bulling  of  boundary  layer  on  back  edge. 

The  minimum  value  of  (  along  flat  walls  may  be  larger  or  smaller  than^opdepending  on 
Intensity  of  the  secondary  flows;  for  a  reactive  cascade  the  minimum  of  losses, 
as  a  nils,  Is  not  dsteotad  (Fig.  6>32,b).  In  ths  sons  of  secondary  flows  in 


fig,  8-32.  Influence  of  secondary  overflows 
on  distribution  of  losses  and  flow  angles  at 
exit  according  to  height  of  impulse  (a)  and 
rssctive  (b)  cascades  at  different  heights. 

accordance  with  the  change  of  ;  the  exit  angles  at  first  Increase  and  then  towards 

middle  section  decrease. 


Bnd  losses  «re  defined  as  the  difference  beiMoen  total  and  the  profile  losses. 
An  eraluation  of  Influence  of  height,  pitch,  setting  angle,  shape  of  profile  and 
channel,  and  also  angle  of  entrance,  Re^  and  numbers  can  be  node  on  the  basis  of 
experimental  data. 

Itxperlnanta  ahow  that,  as  In  case  of  sln/rle  curvilinear  channel,  any  changes 
of  geometric  and  node  parameters  causing  an  increase  of  transverse  gradients  of 
pressure  in  a  cascade,  the  bulging  of  boxuidary  layer  and  the  manifestation  of 
diffuser  sections  at  exit  results  in  an  increase  of  tip  losses. 
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Fig.  8»33.  Variation  of  end  losses  depending  upon 
height, flow  angles  at  entrance,  setting  angles  and 
pitch  in  Impulse  (Curve  1)  and  reactive  (Curves  2) 
cascades. 

With  a  decrease  in  height  of  cascade  down  to  known  limits  the  two-<limenslonal 
section  of  flow  in  siiddle  sections  of  channel  contracts;  ths  region  of  increased 
losses  in  the  sons  of  vortices  practiAiiy  r*mA^ns  constant,  Conseouently.  coefficients 


of  end  losses  linearly  vi 


on  j~~  .  With  a  certain  mininum  height 


there  occurs  closing  of  secondary  flows;  the  region  of  greater  losses  occupies  all  the 
middle  section  of  the  channel  (Fig,  8-32a). 

Character  of  dependence  of  end  looses  on  1  greatly  varies  for  oascadas  of 
different  types.  The  slope  of  the  lines  j  decreases  with  decrease  of 

angle  of  deflection  of  flow  in  cascade  IMO- Ifii  +  P.)  (Fig.  8-33).  The  minimum 

values  of  correspond  to  reactive  cssosdes,  which  are  characterized  by  a 


groat  conftriction  of  th«  charmola  and  small  angle  of  the  flow's  deflection. 

IK.th  an  Increase  In  pitch  of  reactive  cascade,  the  end  losses  at  first  de~ 
crease,  because  the  constriction  of  the  flow  increases;  they  attain  a  minimum,  and 
then  incret^se  in  connection  with  the  incretsent  in  transverse  pressure  gradient.  An 
Increase  in  the  setting  angle  of  profile  with  an  optimal  pitch  results  in  a  lower¬ 
ing  of  end  losses,  because  the  angle  of  deflection  of  flow  and  transverse  gradient 
of  pressures  decrease,  and  with  small  pitch  with  an  increase  of  the  end 
losses  increase.  The  influence  of  the  pitch  is  especially  great  for  impulse  cascades, 
where  minimal  end  losses  correspond  to  a  pitch,  with  which  the  intervane  channels 
at  first  expand  (at  entrance),  and  then  contract. 

The  great  Influence  of  flow  angle  at  entrance  Pi  on  ;;,(Pig.  8'*33)  is  explained 
by  the  change  of  transverse  pressure  gradients  in  channel,  the  occurrence  of  diffuser 
sectors  at  entrance  and  in  nozsle  section  and  in  certain  cases  by  formation  of  a 
separation.  End  losses  markedly  increase  with  a  decrease  of  (increase  of  Aji  ). 
Kith  a  constant  value  of  increases  with  a  decrease  in  exit  angle  fij  (at 

•mall  {)i<  11  to  12**),  because  here  the  curvature  of  the  channel  (Fig.  8-33)  increases 
The  variation  of  end  losses  depending  upon  the  Reynolds  number  can  be  evaluated 
by  curves  in  Fig.  8-34.  With  an  Increase  of  Ro^  the  end  losses  decrease.  The 
influence  of  the  Re^  number  on  is  great  if  Rs2<  $  «  10^.  This  is  explained 
by  the  fact  that  with  an  Increase  of  Re2  the  boundary  layer  beconea  thinner. 

Influence  of  coopressiblUty  at  suberitical  speeds  is  reflected  in  the  decrease 
of  end  losses  with  an  increase  of  N  number  (Fig.  8-34)  in  connection  with  the  fact 
that  transverse  pressure  gradients  in  the  chaiujel  decrease  (Sec.  5-15)  (See 

also  Fig.  8-69). 

The  structure  of  a  three-dimensional  flow  in  circular  (cylindrical)  ststionary 

eascanies  possesses  certain  peculiarities.  Host  important  we  assume,  is the  presence 

of  a  radial  gradient  of  pressure;  pressure  along  the  periphery  is  higher  thin  along 

the  root  section.*  As  a  consequence  radial  overflows  develops  along  the  blilas 
:<Soe  Soco.  9-3  and  9-4. 


dlracted  froa  the  perlpheiT'  to  root  section.  These  radial  overflovs  are  suporposod 
onto  the  transverse  overflow  (Fig.  8-35).  In  addition  in  a  circular  (cylindrical) 
cascade  the  shape  of  the  channel  varies  according  to  the  height  (owing  to  the  change 
in  pitch  and  eylindriclty  of  end  walls)  and  therefore  the  intensity  of  peripheral 


Pig.  8-34.  Influence  of  Re  and  >L  numbers 
on  end  losses  in  cascade.  ^  * 

KKT:  (a)  BxperljMnls  with  Utilo  nonunl- 
fonaltyj  (b)  Exporimente  with  great  nonun¬ 
iformity  (VTI). 

overflows  for  end  walls  is  different.  As  a  rule,  energy  looses  near  the  root 
seetioni  where  radial  overflows  coincide  with  transverse,  in  a  circular  cascade  are 
higher  than  on  the  periphery.  The  marked  Influence  of  fan-like  behavior  depends  on 
parameter  dH,  with  the  decrease  of  which  the  difference  in  speeds  and  pressurea 
in  root  and  peripheral  sections  increases. 

Of  great  practical  interest  is  the  development  of  mothods  of  decreasing  end 
losses.  A  lowering  of  nay  be  assured  by  increasing  the  relative  height 

of  bladS}  which  with  a  given  absolute  height  is  attained  by  dooreasing  the  chord 
(width)  of  profile.  However,  in  connection  with  the  faot  that  with  a  change  in  the 
chord  not  only  the  tip, but  also, the  profile  losses  vary^  th«re  arises  a  problem 
o|  establishment  of  an  optimal  chord  of  a  cascade. 

A  decrease  in  the  end  losses  may  be  attained  also  by  a  corresponding  selection 
of  geooMtrlo  ptarsmeters  of  cascade  and  shape  of  profile  (of  intervane  channel). 

Results  of  Invsstigation  of  flow  in  curvilinear  channels  show  that  mininum 
intensity  of  secondary  flows  in  channels  of  impulse  type  is  ascertained  In  those 


I.  1. 


Tig*  6^3$0  Struoture  of  secondary  flows  In  a 
olroular  (cylindrical)  cascade* 

Key:  (a)  Periphery;  (b)  Root  section. 


oases I  when  entry  portion  of  channel  is  made  as  a  diffuser.  Analogous  data  have 
been  obtained  also  for  cascades  of  Impulse  type,^ 

In  Fig.  6-36  results  of  investigation  of  two  cascades  having  identical  relative 
height,  ^  and  ()y, ,  and  also  shape  of  back  edge,  are  presented.  The  concave  surfaces 
of  profiles  being  compared  differ  in  radius  of  curvature  •  the  TP-IA  cascade 
has  a  smoothly  contracting  and  the  TP-IA  cascade, diffuser-nozzle  channels*  The 
diatribution  of  losses  by  height  for  different  modes  shows  that  in  the  TP-IA  cascade, 
the  level  of  losses  is  much  lower.  Total  losses  in  the  cascades  being  compared, 
depending  on  the  angle  of  entrance  p,  and  number,  vary  analogously  (Figs.  8-36, a 
and  8-36, b).  Repeclally  important  are  the  advantages  of  TP-IA  cascade  with  low 
speeds  and  small  angles  of  entrance. 

.Efficiency  of  diffuser  nozzle  cascades  and  the  optimal  geometrlo  ratloe 
^  ^and  others)  depends  on  angle  of  deflection  of  flow  in  cascade  and  the  relative 

•i 

height  1  (Fig.  8-37).  With  an  increase  in  angle  of  deflection  of  flow  and  a  decrease 
in  relative  height  of  cascade  the  optimal  ratio  at  first  increases,  and  later 
decreases*  Results  of  experiments  show  that  cascades  with  diffuser-nozzle  channels 


♦Diffuser-nozzle  channels  of  iapulso  cascades  for  the  first  time  were  n'oposed 

by  AliL-Unlon  "Order  of  the  Red  Banner  of  labor"  Scientific,  Research  Insti ',ute  of 
Heat  Kriglnoering  Im.  P.  E.  Dzerzhinskiy  (VTI), 
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g.  8-36,  Influ*no«  of  shape  of  channel 
Impulse  oasoade. 

-variation  of  ?  depending  upon  for 
oasoadesi  b— »lnfluenoo  of  number  on 
easoa^es  of  two  types?  c—distPlbution  of 
aeooralng  to  height  of  oasoade. 


un  losses 

two  types 
losses  In 
losses 


Flg«  Optuul  values  of  a  dependlni^ 

upon  relsilva  height  ” 

are  expedient  to  use  at  /ii|,<  1.2  to  l.d  depending  upon  angle  of  defleotlon  of 
flow)  at  large  Af)  uii  'Ili<  Uniting  value  increases. 


MA*  MS  0,f  0,1 
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Pig.  0-33.  Influence  of  oieriodional  oaaoades  on  losses  in  f^Me  cascades, 
a— .f onus  of  upper  band  of  investigated  and  distribution  of  losses  by  height 
for  different  forma  of  the  upper  contours  and  heights}  b--influenoe  of 
number  on  loss  in  cascades  with  a  diffsront  shape  of  upper  contour ;  o>>-lf> 
fluenoe  of  relative  height  on  loasea  in  case odes  with  two  variants  of  bard, 
rigures  on  curves  indicate  the  variant  of  contour.  Profile  TC-2A; 

0.72f*«  "34“. 


In  rMotlvo  (nossle)  cascades  an  appreciable  decrease  of  end  losses  can  be 
attained  by  profiling  the  channels  by  height  (profiling  in  the  meridional  plane). 

This  method  is  especially  important  for  circular  (cylindrical)  cascades  in  vrhose 
root  section  usually  there  are  detected  higher  losses. 

In  Flg.d'3^a  there  are  shoun  achematic  diagrams  of  variants  of  guide  cascades 
trlth  different  shapes  of  upper  band«  and  in  Fig.  B-36,b  and  o^oorresponding  results 
of  tests  of  a  rectilinear  cascade  under  static  conditions.  Here  there  is  presented 
the  curve  of  losses  in  a  circular  (cylindrical)  cascade  with  oyandrlcal  bands  of 
the  sans  height. 

Bxperinents  show  significant  decrease  of  losses  in  cascaae  with  profiled  upper 
band.  Bssential  also  is  the  redistribution  of  losses  by  height  of  cascade:  for 
the  lower  band  the  losses  sharply  doorease. 

The  profiling  of  upper  band  makes  it  possible  also  to  decrease  difference  between 
reactions  in  root  and  peripheral  sections,  that  is,  to  increase  the  efficiency  of  the 
turbine  stage . 

Curves  in  Fig.  S-39  make  it  possible  to  explain  advantage  of  cascades  with  a 
profiled  band:  in  such  cascades  there  is  assured  a  greater  nossle  flow  on  back 
edge  in  nossle  section  and  the  point  of  sdniaum  pressure  is  displaced  towards  trailing 
edge;  besides,  speed  of  flow  before  main  deflection  of  flow  in  channel  decreases 
and  results  in  a  lowering  of  transverse  gradient  in  the  sector  of  maxiaun  curvature 
and,  consequently,  of  the  intensity  of  secondary  flows.  Ey  bslng  glvsn  a  rational 
distribution  of  prsssurs  along  ths  ohannsl,  thsre  may  bs  found  optimal  shape  of 
band. 

#  ^ 

The  losses  prsssntsd  in  Fig.  6-38,0  depending  on  1  show  that  described  method 
of  profiling  is  especially  effective  at  small  relative  heights. 

It  must  bs  noted  that  an  ssynmstrie  compression  of  the  upper  contour  of  cascade 
expands  range  of  optimum  pitches  and  setting  angles. 

The  optimum  magnitude  of  the  compression,  determined  by  the  ratio 

•I 


1 


depending  upon  height  of  cascade  (Fig.  8-39»b). 

It  !•  neoesaary  to  emphaslte,  th&t  the  indicated  methods  of  dlminiahlng  tip 
losaea  Inimpulae  (dlffufler^nosale  channels)  and  reactive  (asymnatrie  coapression) 
cascades  are  physically  identical.  In  both  cases  there  are  attained  a  decrease  in 
speeds  at  turn  of  flow  in  channel  and  greater  constriction  at  exit  of  cascade. 
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Fig,  8-39.  the  influence  of  a  meridional  profiling 
of  cascades  on  distribution  of  pressures  about  the 
profile j  1)  oKteoxwiase  of  losses  depending  upon  I,  and 
on  the  degree  of  compression  1^-1-/!. , 

KBfj  a)  Back  edge  of  profile;  ^  ^  b)  Concave 
eurfaoe  of  profile. 

Conditions  at  entranes  Into  cascade  and,  in  parbioular,  the  irregularity  of 
field  of  speede  by  height  and  the  high  turbulence  of  the  flow  exerts  a  greit  influence 
on  the  end  losses.  The  increase  in  Irregularity  according  to  the  data  VTl  oauea  an 
Increase  in  the  end  lessee  (Fig,  8-3^)*  An  increase  .^j:i  the  initial  turbuleiice 
results  In  a  decrease  of  the  slops  angle  of  the  straight  lines  but 

total  losses  in  a  reactive  cascade  increase.  Physically  this  result  is  ex]>Lained  by 
the  fact  th.*it  with  an  increase  in  the  Irregularity  and  turbulence  the  thioiaiess  of 


bouiidarj  Isyer  on  th«  end  walli  end  the  mass  of  gas  participating  in  peripheral 
motion  increase. 

8-9 ♦  Procedure  for  Calculating  End  Losses  in  Cascades 

The  strict  solution  of  problem  on  end  losses  in  oasoados  should  be  based  on 
equation  of  three>dlmensional  motion  of  a  viscous  compressible  fluid.  In 

connection  with  evident  difficulties  of  such  a  solution  it  is  possible  to  use 
another  method:  on  the  basis  of  theory  of  dimensionality  construct^  proceeding 
from  considerations  about  physical  nature  of  secondary  flowsij  a  structural  formula 
and  Introduce  ejcperlmental  correctives  [  L.5]* 

In  the  general  ease  the  end  loseea  of  energy  can  be  presented  as  the  sum: 

where  ae,  ie  that  part  of  end  lusses,  caused  by  the  interaction  of  the  boundary 
iayera  and  by  the  peripheral  motion; 

AEt  represents  frictional  losses  along  end  walls  of  ohannol; 
si’i  additional  vortsx  lossss,  Inoluiing  losses  from  oompensating  motions 
at  the  tifirn. 

It  is  readily  seen  that  the  vortex  losses  a/',  and  ae,  depend  on  circulation 
of  epeed  r,  and  ae^  does  not  depend  on  r. 

An  analysis  of  experisNntal  data  shows  that  magnitude  of  ae^  may  be  expressed 
by  the  following  functional  dependence: 

~  f(F,h,  c„3, 6,  r„  V,. (8-38) 

We  now  write  out  (8-38)  in  dlmenelonlese  form; 

AEi,  /  |t  . 

”  fi4,T'  “  .  »»n  Ji.  Rc,.  A),J  (8-39) 

By  ejqpandlng  expression  (8-39)  into  a  aeries  in  parameters  of  and 

■in  there  oan  be  obtained  the  function  (8-39)  in  ejqplioit  form.  Qy  considering 
that  function  (8-39)  is  even  with  respect  to  arguments  of  f  and  sin  and  at 
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T  “  0  is  inciependcnt  of  ft  ,  we  obtain; 


^  ^  (6-40) 
-’('.(Rci.  Ml) -f  r» lin’ 

If  it  is  MsuMd  that  the  coefficients  and  {i,  with  a  change  of  M  and  Re 
numbers  vary  proportionally^  i.e.,  ”  B,  where  B  is  a  certain  experimental 

constant^  then  there  is  readily  obtained  an  expresoion  for  the  coefficient  'l>t> 

With  a  sero  circulation  ) 

The  magnitude  nay  be  expreesed  by  the  energy  thicknese  a  according 
to  the  equation 


then 


af,  ™  iin  f.  ^ 


!•••/  T“T 


(e-41) 


For  determining  the  coefficient  of  the  end  losseo  we  shall  detemdnod  the 
kinetic  energy  of  flow  after  a  cascade; 


OJt 


*-v 


Here  is  the  actual  flow  rate  through  channel  of  cascade}  F  is 

the  ef fee tire  area  of  channel,  which  is  readily  determined,  if  one  were  to  use  the 
displacement  thlokness:  2/1*  —  «• 


where  a,',,  are  the  thicknesses  of  dlsplaosmsnt  on  end  wall,  on 

back  edge  and  on  concave  eurfaee  of  profile. 

Consequently,  » 


®  "  lain*  ft  [  *  ~*^top ""  t  (*cii  +  ^lor  ^  ]  *“ 

4’k.]. 


(3-42) 


The  magnitude  of  ftinf,  we  present  as: 

«...  +  ,  -/Pul 


Bjr  Mans  of  formulas,  (6-AO)  to  (6-43)  and  bjr  Ignoring  the  magnitude  0.1* 

T  08  “ 

(  )  in  conpariaon  with  the  term  Re^  1,  we  obtalti  for  an  Incompressible  fluid: 

..  ■  f.  .  .1 


(8-45) 


In  a  gen^iral  ease  for  a  eomproaslble  fluid  the  coefficient  of  end  loasea  is 


determined  b/  the  formula 


(6-46) 


Here  ia  a  correction  factor,  which  takes  into  consideration  influence  of 
coaqpreialblllty.  Ita  dependence  on  dlaenslonlees  speed  is  presented  in  Fig.  8-40. 

For  determining  the  numberlcal  values  of  ooefficlents  of  A  and  B  in  Fig.  8-41 
there  have  been  plotted  experimental  data  on  the  end  losses,  obtained  both  for  impulse, 
and  also  for  reactive  cascades  with  different  pitches ,  heights,  flow  entrance  and 
exit  angles. 

Here, as  the  argument, there  has  been  adopted  the  complex 

*■  Re"*? 

and  along  axis  of  ordinates  is  plotted  the  function  2L-1 —  .  In  the  adopted 

*1 

system  of  coordinates  formula  (8-46)  is  expressed  by  a  straight  line,  cutting  off 
along  axis  of  ordinates  a  sector,  equal  to  A,  sloping  to  axis  of  abscissas  at  an 
angle  a  ««  arctan  AB« 

Results  of  the  indicated  prooesslng*  of  the  experimental  data  piake  it  posaible 
•The  procedure  discussed  was  worked  out  in  collaboration  with  A.  ''^e.  ZaryarJein. 


to  ooneluda  thftt  tha  ooafflolanta  A  and  B  dapand  oonnidarably  on  tha  noda  of  flow 


in  boundary  layar  and  typa  of  ooacada.  For  raaatlva  eaacada  with  flab  and  walla 

•Mr 


Pig,  8»A1,  Compariaon  of  /design  and  axparij&antal 
-values  of  and  lossaa  for  faactlva  (raotillnaar  1, 

2  and  3)  and  impulse  (raotillnaar  k,  5  and  6)  caseadca, 
KET:  (a)  LM2>Laningrad  Metallurgical  Mill  Profiles, 

(bl  M“  E  I-Moacow  Power-Engineering  Inetituta  Profilaa. 
(o)  'll 6TI -Central  Boilar-Turbina  Insituta  Profiles, 
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tha  experlaiantal  points  are  fairly  wall  grouped  depending  upon  mode  of  flow  in 
boundary  layer  near  the  straight  lines  1  and  2.  For  reactive  eosoadas  with  asyinnetrlo 
oonprasslon  tha  slope  of  tha  line  varlas  (straight  line  3)o 


Straight  lines  4  and  5  o)iaractarise  impulse  oasoades  with  smoothly  oontracting 
ehannals  and  straight  Una  6-with  diffusar-nossla  channols. 

Taluas  of  tha  ooaffielants,  obtained  on  tha  basis  of  processing  of  axwirimsntal 
data,  are  praaantad  In  Tabls  S-1. 


It  is  interesting  to  note  that  for  impulse  and  reactive  oaseadas,  if  tltera  Is 


a  diffuser  sector  at  tha  entrance  into  cascade^ coefficient  A  0.13;  this  (lorrasponds 
to  turbulent  mode  of  flow  in  tha  boundary  layer.  In  the  transition  from  oio 


nod*  of  flow  to  another  there  occurs  parallel  displacement  of  the  straight  line, 
corresponding  to  a  given  type  of  cascade.  The  inf3.uenoe  of  the  shape  of  intervane 
channels  is  characterised  by  a  coefficient.  Whose  value  varies  very  differently 
for  various  types  of  cascades. 

Formula  (8-46)  makes  it  possible  to  establish  the  influence  of  certain  geometric 
and  mode  parameters  on  the  end  losses.  The  coefficient  ;»  varies  Inversely  pro¬ 
portional  to  the  relative  height  L  With  an  iiwrease  in  pitch  T,  the  coefficient  5, 
at  first  decreases,  and  then  increases.  A  decrease  In  angle  at  exit  p,  and  increase 
In  angle  of  turn  of  flow  in  cascade  reduces  an  increase  in  with  an  Incraaso  in 

the  Re^  and  numbers  the  end  losses  diminish.  These  results  agree  very  well 
with  the  experimental  data*,  presented  in  Sec.  8-8. 

Table  8-X. 
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KEY;  a)  Impulse  cascade  without  diffuser  section  at  entrance; 
b)  Reactive  cascade  without  contraction  by  height;  c)  Laminar 
boundary  layer;  d)  Turbulent  boundary  layer;  e)  Laminar 
boundary  layer;  f)  Turbulent  boundary  layer;  g)  Impulse  cascade 
with  diffuser  nossle  channels;  h)  Reactive  cascades  with 
ssymawtric  contraotlona  in  nossle  section. 


*Formula  (8-46)  does  not  take  into  oonaideration  the  influence  of  the  non- 
unifor^ty  and  high  turbulence  of  the  flow.  Appropriate  correctives  can  be  introduced 
after  the  accumulation  of  the  necessary  experimental  data. 


8-XO,  Structure  of  Flow  and  Losses  in  Reactive  Caacadea 
at  Tranaonlc  auid  Supersonic  Speeds 


In  reactive  caacadea  apeeda  at  the  entrance  are  aubaonlc;  transition  to 
supersonic  apseds  occurs  in  the  intervane  channels.  Depending  on  the  position 
of  ffliniaum  (transitional)  section  in  channel  reactive  caacadea  are  divided  into 
two  types:  with  contracting  and  expanding  intervane  channels. 

a)  Cascades  with  contracting  channels.  In  such  cascades  the  transition  to 
supersonic  speeds  occurs  in  the  nozzle  section. 

In  nangr  oases,  the  transition  to  the  transonic  region  is  accompanied  by 
significant  change  in  the  char ac ter iatics  of  the  cascades.  In  this  connection  it 
is  necessary  to  know  critical  number,  with  tdileh  in  cascade  there  appear  local 
regions  of  supersonic  speeds. 

In  Pig.  6-42, a  there  are  given  curves  of  maximum  speeds  on  back  edge  of 
profile  of  guide  cascade  depending  upon  M2  and  relative  pit'*!.  Beyond  the  line 
K^»l  there  will  form  enclosed  regions  of  supersonic  speeds.  Local  supersonic  speeds 
■ay  also  generate  in  region  of  flow,  adjoining  trailing  edge. 


Fig.  6-42.  Local  maximum  speeds  on  back  edge  of  profile 
depending  upon  ML  (a);  critical  values  depending  upon 
the  pitch  for  a  reactive  cascade  (B)» 

KBI:  (a)  Mi  ;  (b)  on  trailing  edge;  (c)  on  back  odgej 
(d)  region  orsUpersonlc  speeds  on  back  edge;  (e)  region 
of  eupersonlo  speeds  along  edge.  « 
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The  oritlcAl  nimbers  doponding  upon  the  pitch  for  reactive  cascadea  are 
presented  in  Pig.  8~it2,b.  It  follows  from  this  that  for  cascades  there  exits  a 
pitch  t^  at  which,  sonic  speeds  are  attained  simultaneously  for  the  back  edge  and 
in  region  of  edge.  This  pitch  corresponds  to  the  maxlinum  value  of  the  number. 

values  for  a  grid,  Ue  character  of  the  change  of 
the  location  and  extent  of  supersonic  region  depend  on  the  shape  of  profile  (curva¬ 
ture  of  exit  sector  of  back  edge,  thickness  and  shape  of  trailing  edge).  With  m 
increase  of  supersonic  region  increases  and  its  boundary  is  displaced 

inside  the  channel. 

With  a  ss  1  number  the  line  of  transition  approximately  coincides  with 
narrow  section  of  channel*  and  the  supersonic  region  or  back  edge  of  profile  is 
connected  with  region  of  supersonic  speeds  after  the  trailing  edge. 

The  most  characteristic  peculiarity  of  flow  around  of  cascades  by  a  flow  of 

/ 
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transonic  sposcs  is  tha  incramant.  of  prassura  gradlants  In  tha  nozzla  and  diffuser 
regions  and  tha  displacement  of  points  along  the  flow. 

In  Fig.  8-43  the  presented  graphs  of  the  distribution  of  stagnation  pressiu’es 
according  tc  tha  pitch  of  guide  cascades^  makes  it  possible  to  conclude  that  with 
an  increase  in  the  nonunilonnity  of  the  flow  increases;  the  depth  of  the  edge 
wakes  Increases  in  the  transition  to  transonic  speeds,  the  edge  wake  expands. 
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Fig*  8-44.  Influence  of  FL  number  on  profile  losses  in  a 
reactire  cascade,  ^ 

A— with  a  change  of  relative  pitch  t;  B— with  a  change 
in  shape  of  back  edge  of  profile  in  nozzla  section;  C~“ 
with  a  change  in  thickness  and  shape  of  trailing  edge 

(a,  chord}  (b)  TS-2C;  (c)  TS-2B5  (d)  TS-2A5  (e) 


An  «n&ly«is  of  curvas  of  profile  losses,  presented  in  Fig,  B-kk,  shows  that 
charaoter  of  change  in  depending  on  la  determined  by  shape  of  profile 
(mainly/,  curvature  of  back  edge  in  nozale  section,  the  shape  and  thickness  of  edge 
and  the  geometric  parameters  of  cascade.  Here  there  must  be  distinguished  two  main 
■ones  of  change;  the  subcritical  (M2<Hje)  superoriticial  In 

the  subcritical  region  with  an  increase  of  the  coefficient  of  losses  for  a 
majority  of  cascades  is  somewhat  diminished.  WJ.th  a  separation  of  flow  around  back 
edge  of  profile  an  increase  in  usually  reduces  to  an  increase  in 

With  a  decrease  in  the  pitch  the  intensity  of  the  increase  tran<<onic  zone 

decreasea,  and  the  value,  after  which  there  occurs  an  increase  of  losses,  becomes 
larger. 

The  influence  of  the  Reynold's  niunber,  detected  in  experiments  by  N.  A.  Sknar* 
should  be  considered  important  because  with  Its  increase  the  rate  of  increase  of 
in  the  transonic  zone  diminishes .  These  data  pertain  to  a  low  degree  of 
turbulence  of  the  flows.  With  an  artificial  turbulieatlon  of  the  flow  also  there  is 
observed  decrease  in  degree  of  inorsaae  in  losses  (M^  >  ) 

The  influence  of  the  shape  of  back  edge  in  nozzle  section  on  losses  in  cascade 
is  shown  in  Fig.  3-44, b.  I.o8sos  in  the  TS-ZA  cascade  greatly  increase  at  )^>  0.85, 
this  is  caused  by  the  gi'eat  curvature  of  back  edge.  For  the  TC->2B  cascades, whose 
profiles  have  in  the  nozsle  section  a  smaller  curvature,  the  increase  in  losses  is 
observed  only  at  F^^l.05  to  1.10.  The  realisation  of  a  profile  back  edgs  concave 
in  nossle  section  makes  it  possible  to  displace  the  region  of  critical  losses  to  a 
■one  of  still  larger  M  nuatbsrs. 

In  the  study  of  ths  influence  of  oompresslblllty  on  oharaoberistios  of  cascades 

i*The  Influence  of  degree  of  txirbulenee  on  oharacteristlce  of  reactive  cascadsa 
duriiig  transonic  speeds  explains  the  nonconformity  of  the  ciu*ves  <lnii 
obtained  In  various  tubes,  having  a  different  tiurbulence.  With  low  turbulence  the 
tranaltion  through  the  speed  of  sound  is  accompanied  by  a  sharp  incraaae  of 
profile  lossos,  since  shocks  in  local  supersonic  sons  on  the  back  edge  results  in  a 
asparation  of  the  laminar  boundary  layer.  With  high  turbulence  boundary,  layer  in 
aupersonlo  sons  la  turbulent  and  a  separation,  as  a  rule,  does  not  generate  or  it 
is  displaced  along  the  flow. 


i.  ^ 


the  thlokness  auad  shape  of  trailing  edge  must  be  taken  into  consideration.  In 
Pig*  8~4A»o  the  results  oi‘  experijnents  shown  confirm  influence  of  these  parameters 
on  the  function 

Mlth  supercritical  pressure  differentials  in  the  cascade  in  the  sons  of  narrow 

.S' 

section  Intervane  channel  there  is  established  a  critical  speed.  After  the  trailing 
edge  the  pressure  Is  lower  than  the  critical;  therefore  in  a  flow  arcimd  edge  (point 
Af  Fig.  8-45)  pressure  fallB->~in  nossle  section  of  channel  wave  of  rarefaction 
ABC  extends.  It  must  be  emphasised  that  intensity  of  wave  ABC  is  determined  by  the 
pressure  in  wake  of  edge  and  not  the  pressure  at  infinity  after  th^  cascade.  In 
primary  waves  and  waves  of  rarefaction  reflected  from  the  back  edge  of  profile  the 
flow  reexpande:  static  presaure  on  back  edge  of  profile  after  wave  ABC  will  be 
lower,  than  at  infinity  after  the  oaaoade. 

A  subsequent  development  of  spectrum  depends  on  ths  structure  of  flow  after 
trailing  edge  and  degree  of  rssxpanaion  of  flow  in  the  wave  ABO.  The  boundary 
streams  of  gas,  converging  from  the  concave  and  convex  sturfaces  of  the  profile 
approach  each  other  and  at  a  certain  distance  after  edge  turn  ahu'ply.  On  the 
boundaries  of  initial  sector  of  edge  wake  there  develops  s  system  of  shocks  and 
eosQiresBlon  wavaa,  which  marge  to  the  diagonal  shocks  PC  and  PH. 

The  reexpsnslon  of  the  flow  in  the  primary  and  reflected  waves  of  rarefaction 
partially  "is  corrected"  by  the  primary  shook  PC.  The  shock,  interacting  with 
boundary  layer  on  back  edge  of  profile  in  nossle  section.  Is  reflected  and  again 
oocure  in  wake  uf  edge.  Depending  upon  mean  value  of  the  M  number  in  this  section 
in  wake  of  edge  the  reflected  shock  PC  either  Intersects  the  wake  of  edge  (^>  l)» 
or  is  reflected  from  its  boundary.  Thus,  flow,  moving  in  nossle  section,  succcesivaly 
passes  through  primary  and  rsflsoted  waves  of  rarefaction,  the  primary  and  reflected 


sdurface  of  transition  approximately  coincides  with  narrow  section  of  channel. 
Actually  owing  to  the  nonuniformlty  of  the  flow  in  channel  and  influence  o(  vlsoosity 
the  lurfaoe  of  transition  has  certain  curvature  and  is  displaced  against  tis  flow. 
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ohocka«» 

Tha  bahAvier  of  tha  lialiin^  Unas  of  flow  diuring  dasoant  from  adga  (from  side 
of  back  edge  of  profile)  assentially  depanda  on  the  ratio  of  the  pressures  at  point 
D  and  after  trailing  edge.  If  the  pressure  at  point  D  is  higher,  than  after  the  edge, 


Pig.  0«45*  Sehamatlo  djiagram  of  outfloH  of  gas 
from  a  guide  oaaoade  at  supersonio  speede. 


aintanslty  of  priaarjr  and  reflaotad  shocks  is  rariable  along  the  front,  since 
they  are  propagated  in  a  nonuniform  flow  and  they  interact  with  tha  waves  of  rarf> 
faction. 


«;nn 


th«n  At  th«  point  D  th«r«  will  fom  a  wf  ot  rarAfaotlon  and  th«  flow  around  th« 
adga  Ij^irovoa.  Tho  Una  of  flow  daaoanla  trm  proflla  not  at  point  D,  but  at  tha 
point  K.  Tho  wavo  of  rarofaotlon  DLKD  ia  anoloaod  bj  ajratan  of  waak  oonpraaaion 
waroBf  Margins  into  ourvlUnaar  ahook  PH.  Tha  ayataa  of  ahooka  PC  and  FH  will  font 
tha  tall  ahook  wara  of  tha  prof 11a. 

If  praaaura  naar  tha  point  D  la  lowar  than  praaaura  aftar  adga,  than  a  ahook 
will  fom  at  point  D.  In  thla  oaaa  tha  waka  of  adga  la  found  to  ba  mora  brokon 
up.  In  certain  oaaaa  tha  ahook  la  located  higher  along  tha  flow  with  raapaot  to 
tho  point  D. 

Tha  ra-axpanaion  of  flow  In  wavaa  of  rarafaotlonf  Intanalty  of  adga  ahooka  PC 
and  PH,  and  alao  their  looatlon  are  datanalnad  bgr  ourratura  of  baok  edge  of  profile 
in  noaala  aaotlon  and  by  tha  thloknaaa  and  ahapa  of  trailing  adga.  Thua,  with  a 
daoraaaa  in  ourvatura  of  baok  adga,  tha  ranuipanaion  of  tho  flow  dooraaaaa  and, 
oonaaquantly,  tha  Intanalty  of  tha  ahooka  lowara.  Qy  apooliying  for  tha  baok  adga 
of  profile  In  noaala  aaotlon  an  inworaa  ourratura, It  la  poaalbla  to  raduoa  tha  ra- 
axpanaion  of  tha  flow  to  a  alniaMail  tha  adga  ahooka  In  thla  oaaa  will  ba  waakanad. 

In  tha  Intaraaotlon  of  ayatan  of  wavaa  of  rarafaetlon  and  diagonal  ahooka 
individual  Unaa  of  flow  repeatedly  and  varloualy  are  dafonnad,  in  which  at 
tha  average  flow  angle  at  exit  Inoraaaaa  In  oaoq>arlaen  with  tha  aubaonlo  node:  flow 
la  daflaotad  in  tha  noaala  aaotlon. 

With  an  inoraaaa  of  dlffarantlal  in  praaauraa  tha  apaotruai  of  tha  flow  in  noaali 
aaotlon  of  channel  and  aftar  oaaoada  ohangaai  tha  intanalty  and  oharaotar  of  looatloi 
of  wavaa  of  rarefaction  and  ooaipraaaton  wavaa  vary.  Tha  extant  and  intwnwity  of 
prlnary  wave  of  rarofaotlon  Inoraaaa.  Anglaa  of  prlaary,  raflaotod  and  edge  ahooka 
daoraaaa,  and  point  of  fall  of  diagonal  ahook  PC  onto  baok  adga  of  profile  (point  C) 
la  diaplaoed  along  tha  flow.  In  aooordanoa  with  thla  alao  tho  oharaotar 

of  dofomatlon  of  individual  linaa  of  flow  varlaa.  However,  tha  intanalty  of  tha 
ahooka  Inoraaaaa  only  to  a  certain  valuo  of  the  nuwbar,  depending  on  gaoMtrio 
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j|>«r«Mt«ri  of  oaid^d*. 


Tht  •xpamloh  of  flow  In  novilt  stotlon  of  o^noado  t«mln«t«s  with  th« 
rtlatlon  of  prtRiurta  Aoourat*  dotomlnation  of  valu*  i>  la  difficult, 


fig.  d-46.  Spectra  of  flow  of  air  through 
raaotlvu  oaaaada  with  oontraoting  ohannala 
tranaonio  and  auparaonlc  apaada.  Ralatlva 
atap  I  "•  0«5^3i  axlt  angla  of  profile  lH*’ 

52'} 

a—  «  -  0.52s }  b—  •  “  0.450}  0—  •_  “ 

0.370f  d—  *2  “  0.2647  ,  ^ 

howaver  It  la  poaalbla  to  oonaider  llndtlng  auch  a  node,  during  which  a  prinarjr 
ahook  ocoura  at  point  D  (Fig,  8-54,o).  In  thia  oaae  inatead  of  three  ahooka  only 
two  will  fora:  the  reflected  ahock  CP  nargea.  with  the  edge  shock  FH. 


If  ea<c*,  th«n  the  expansion  of  the  flow  partially  occurs  beyond  the  limits 
of  the  cascade  (Fig.  d-45|d).  System  of  shocks  on  the  trailing  edge  remains  basically 
as  previously  but  the  structure  of  the  w&ke  of  edge  varies.  The  left  bra^ioh  of  the 
edge  shook  FC  occurs  in  subsotilo  part  of  wake  of  edge  and  sharply  deforms  it.  The 
pressure  after  the  odge  In  this  case  Is  determined  by  the  shock,  and  consequently, 
also  the  counterpressure.  With  a  significant  decrease  of  «]<('.  ^  the  primary 
•hook  oooure  In  euperaonio  part  of  wake  of  edge  (Fig,  6»45,b),  Here  the  flow  around 
trailing  odge  of  profile  and  the  edge  proesure  are  determined  only  by  geometric 
parametere  of  the  cascade  and  do  not  depend  on  counterpressure*  This  value  ofv^ 
eorresponde  to  a  aecondary  limiting  mode  of  flow  In  oasoade. 

The  oonsidered  sohematlc  dlagrama  of 
outflow  from  reactive  cascade  are  corroborated 
by  visual  observatlona  by  means  of  an 
optical  Instnanent  (Pig*  6-46), 

In  Fig. 6-47  there  is  given  the  dis¬ 
tribution  of  pressures  in  sector  of  back 
edge  of  profile  in  noisle  section  of  casoads 
during  differevit  ratios  i!s”Ps/Po.  After* 
the  naxTow  section  (Points  2-6)  it  Is 
possible  to  note  significant  rs-axpansion 
of  the  flow,  which  is  terminated  by  a  sharp 
increase  of  pressure  caused  by  interaction 
of  primary  and  reflected  ahooks  with  the 
boundary  layer.  After  the  shocks  the  pres- 

.  .  ^  sure  along  back  edge  falls.  With  decreaas 

Huirtber  of  points 

Fig.  8-47,  Distribution  of  r.  i  the  sons  of  maximum  rarsfaotion  is 

pressures  along  back  edge  of 

profiles  in  nossle  ssetion  of  displaced  along  the  flow  towards  trailing 
reactive  cascade  with  eontractinr 

obannela  during  a  auperoritical  ^  «  “<>^0  limiting  exponiion 

outflow. 
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Pig.  8-48.  Distribution  of  pressures  about 
profile  in  cascades  with  expanding  intervans 
channels. 

KEY]  (a)  Number  of  points. 

0.205)  the  pressure  along  back  edge  of  profile  oontinuousl/  falls. 

Reactive  cascades  with  expanding  intervano  channels.  Ws  shall  consider 
results  of  an  experimental  investigation  of  such  cascades.  In  Pig.  8-48  the  dis¬ 
tribution  of  pressures  about  profile  for  four  cascades  is  shown.  Hence  it  is  evident 
that  under  certain  nodes  of  flow  in  the  intervene  channels  as  in  a  single  Laval 
noBsle, shock  waves  (diffuser  section)  appearf  vdiere  their  position  and  Intensity 

depend  on  the  mode  m  and  geometric  parameter  (Pig.  8-53).  As  n 

“sin 

decreases  the  shocks  are  displaced  towards  exit  of  channel*  Under  design  conditions, 
determined  by  the  ratio  f,  only  edge  shocks  will  form. 

The  character  of  the  change  of  flow  spectra  in  Intervane  channels  of  cascade 
can  be  traced  by  the  photographs  in  Pig.  8-49. 

Curves  of  the  loss  coefficients  (Fig.  6-50)  show  that  the  flow  in  cascade 
with  expanding  channels  is  accompanied  by  a  sharp  increase  of  losses  during  deflect¬ 
ions  of  flow  mode  from  the  designed  mode.  The  variation  of  the  coefficient  of 
losses  is  found  to  be  greater  more  elgnifloant,  the  larger  is  the  geometric 
parameter  /,  i.e.jthe  greater  is  the  design  value  of  fL  (See  Chapter  6). 


I  1  » 

Fig.  d«49.  Spectra  of  flow  In  cascadea 

with  expanding  channels. 

a—  tg  *•  0.4;  b<—  ‘j*  0.3;  o—  t, »  0.2. 


Fig.  S»50.  Charaoteriatlca  of  cascadea 
with  expanding  channels, 
a — variation  of  c,„.  depending  on  and 
/  i  b<— dependence  of  flow  angle  at  exit 
on  '  ij  and  /  . 


The  Bvaxinun.  variation  of  loaaes  oocurs  with  on  increase  of  vg  from  the  design 
value  up  to  0.5-0. 6.  With  larger  Ci  the  shocks  are  located  near  the  siininum  section 
the  intensity  of  the  shocks  deoreaaesg  and  ^iii>  Ic  wera. 

Under  the  design  conditions  the  losses  increase,  since  there  occurs  an 

expansion  of  the  flow  in  nossle  section  of  the  cascade.  Under  flow  conditions  close 
to  the  designing,  the  losses  for  all  oasoadse  are  small,  wherupon  profiling  of  the 
expanding  part  by  method  of  charaoterlstioe  makes  it  possible  only  insignificantly 
to  lower  the  losses  tmder  such  flow  conditions. 

In  Fig.  8-50, a,  there  is  presented  a  curve  of  wave  loas  coeffloieit  for  a 


OAScade  with  f  ^  l.<6,  consiructed  according  to  th«  curves  of  pressure  distribution 
(Pig.  on  the  assumption  that  the  shocks  are  normals  Hence^  it  is  evident 

that  the  lAve  losses  are  snail;  the  chief  losses  under  riondesign  conditions  are 
caused  by  a  separation  of  the  flow.  In  Fig.  8-50«a  thej,*e  is  plotted  also  a  curve 
of  for  a  cascade  with  contracting  channels.  Interssction  points  of  the  curve 
{dp  for  this  cascade  with  curves  for  cascades  irLth  expanding  channels  makes  it 
possible  to  establish  regions  of  the  rational  use  of  the  cascades  being  compared. 

The  variation  of  the  central  angle  of  flow  after  cascade  depending  upon  es 
is  shown  in  Fig.  8«$0,b.  For  cascades  with  />!  ths  central  flow  angle  alightly 
varltb  over  entire  range  of  variations  nf  ej.  for  a  cascade  with  />»  1.0  character¬ 
istic:  is  the  increase  of  P2  at  supersonic  spesds,  caused  by  a  deflection  of  the 
flow  in  the  nossle  section. 


8-11.  Calculation  of  Angle  of  Deflection  of  Flow  in  Nozzle  Section 
and  the  Profiling  of  Reactive  Cascades  at  Transonic  and 

Supereonio  3peeda». 


There  are  several  methods  of  oaloulating  angle  of  deflection  of  flow  in  a 
noasle  section  of  cascade.  The  most  widely  used  and  simplest  are  methods,  based  on 
equations  of  a  one-dimensional  flow. 

In  assuming  the.  field  of  flow  in  sections  AA  (Fig.  8-51)  and  SF  (selected  at 
a  great  distance  after  cascade)  even,  it  is  possible  to  write  out  the  equation  of 

ooniinuity  In  the  following  form: 

=  where  sin?,=--S, 

Ms  divide  both  sides  of  this  expression  by  p.,  u,;  then  wa  obtain: 


7,slnp,=^,„slnp,,„. 

In  taking  into  consideration  that  at  t, 7,=.“.  1  1  and  —  where 

i  la  the  angle  of  deflection  of  flow  in  nosxle  seotlon,  we  arrive  at  Baire's 

♦Paragraphs  8-11  to  8-14  ife*'a  written  by  A.  V.  Gubarev. 
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Fig.  8-51.  A-^ohart  for  datormlnlng  angle 
of  defleotlon  of  flov  in  nossle  section  of 
eaaoade;  B— designed  relationship  between 
flow  angle  at  exit  of  oaseads  on  the  speed 
^  and  • 

KBT:  (a)  Limiting  ralues 

With  a  oonalderatlon  of  losses  betwisn  sections  AA  and  EP  Baire's  formula 


acquires  the  form: 


(8-A8) 


It  follows  from  this  that  with  an  Increase  in  losses,  the  angle  of  deflection 
increases.  Essential  also  is  the  fact  that  the  angle  of  deflection  5  depends  not 
only  on  the  rate  of  outflow  and  losses,  but  also  on  the  design  exit  angle  f), 

(Fig.  8-51, b). 

Baire's  formula  le  ralld  only  at  l.e.^as  long  as  primary  weyo  of 

rarefaction  la  within  Halts  of  the  nozsle  section.  The  angle  of  deflection,  corre¬ 
sponding  to  Biaximum  expansion  In  nozzle  section, is  determined  approximately'  by  the 
relationship  ”  ?*» 


where  —angle  of  oharaoteristie,  coinciding  with  exit  section. 
Hence,  by  means  of  (6-47)  we  obtain  the  obvious  equality 


(<-■49) 
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.  In  expr!9?/.tting  q  in  terms  of  we  find  the  ratio  of  pressures  for  the  mode 

2b 

under  consideration; 

From  equation  (o-49)  there  readily  is  determined  the  critical  angle  of 
deflection  5^. 

By  naans  of  equations  of  continuity,  momentum  and  energy,  there  can  be  obtained 
an  acciu'ate  solution  for  angle  of  deflection  of  flow  in  noazle  section  of  cascade 
with  edges  of  finite  thickness. 

By  assuming  that  in  sections  AA  and  EF  (Fig*  6-51«a)  the  flow  is  uniform,  we 
use  the  equations  of  conservation  presented  in  Sec*  8-6.  By  solving  these  equations 
eosnonly  there  can  be  obtained  the  computing  formula  proposed  by  A.  S.  Natalevlch: 


T+  i-  Nli  *  . 


At  8<I0^  it  is  expedient  to  use  the  approximate  expression 

r  *(*+!>  *-i 


A  +  I  —  Xp 


ik+l-Xp) 


'2np 


(8-51) 


Here  and  above  it  is  designated;  x  —  ~;  }-  ■  y-l 

I  *  •  /•  *'\  /  *'* 

is  the  pressure  after  the  edge. 

For  the  ease  of  an  infinitely  thin  edge  formulas  (8-50)  and  (8-51)  were  for 
the  first  time  given  by  G.  Tu.  Stepanov. 

The  solution  of  system  of  three  equations  provides  the  possibility  also  to 
determine  wave  losses  in  nossle  section.  For  the  case  of  infinitely  thin  edges  the 
wave  losses  are  determined  by  G.  lu.  Stepanov's  formula: 

S  —  »  *-i  VOS  I  • 


(8-52) 


It  must  b«  notad  that  the  coefficient  of  vrave  losses  considers  ^nly  losses, 
Msoeiated  with  turn  of  flow  In  nozzle  section. 

Losses,  caused  by  the  Interactioi  of  shock  waves  with  boundary  layer, 
frictional  losses  and  losses  for  eqiialising  the  flow  usually  greatly  exceed  the 
wave  losses,  calculated  for  an  ideal  fluid.  Therefore  the  angle  of  deflection  both 
by  formula  and  also  by  G.  Yu.  Stepanov's  and  A.  S.  Natalevich's  formulas  are 

found  to  be  less  than  real.  Balre'a  formula  with  a  consideration  of  losses  in  nozzle 

section  (d-48)  gives  close  agreement  with  an  experiment,  but  its  use  is  limited, 
because  it  is  necessary  as  a  preliminary  to  determine  the  losses. 

In  Sec.  6-10  It  was  shown  that  flow  angle  at  exit  from  cascade  with  expanding 
channels  I'emalns  virtually  constant  in  wide  range  of  modes  By  using 

such  character  of  dependence  it  la  possible  by  calculating  to  determine 

looses  in  a  cascade  under  various  flow  conditions, 

Ws  write  out  the  equation  of  continuity  for  the  critical  section  F^o^m  and 
section  at  infinity  after  the  cascade  in  the  form: 


where  Pt^,  are  the  actual  parameters  of  the  flow. 

We  shall  divide  and  then  multiply  right  side  by 


we  obtain: 


fit  n 


and  after  transformations 

(8-53) 


After  solving  this  equation  with  respect  to  ?.  we  find: 


9' 


2' 


,/  V  '^  /TTmT 
y  rry  • 


where 


>;«n 


Sign  minus  in  equation  (8-54)  has  not  physical  meaning,  since  ?>0. 
In  the  case,  wtien  p,~  consl,  isin?,=-rt,  and 


J 

4*“V‘ 


(8-54) 

(8-55) 


(8-55a) 
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In  Fig*  8«S2  thar«  are  presented  the  computed  curves  showdiig  the  relationship 


between  ?  nnd  •,  and  the  pax'asteter  I  - 


"Mirt 


at  const  .  The  proposed  procedure 


provides  the  possibility  with  sufficient  accuracy  to  determine  the  additional  loss 


Pig.  8-52.  Calculating  dependence  of  on 
•i  for  cascade  with  expanded  channels  (k  ■■  1.4} • 

under  off -design  conditions^  If  the  dependence  of  on  >1.  is  known. 

It  is  iviadily  seen  that  for  decrease  of  losses  in  a  wide  range  of  modes 

*i><3,i^  is  necessary  that  the  exit  angle  p,  Is  variable^ 

Ideal  in  this  sense  is  the  cascade «  for  %diioh  a  variation  of  would  con’espond 

to  equation  (8-54)  at  9»1.  HencOi  after  a  number  of  transormatlons  there  may 

be  obtained  the  following  optimum  law  for  the  change  of  flow  angles: 

Consequently,  at  M  «  l(q  «  1)  the  flow  angle  at  exit  should  be  at  a 
2t  2t 

minimum,  but  at  >  1  .~it  Increases .  However  experiments  have  shown  that'  for 
cascades  with  expanding  channels  such  character  of  change  of  ?,  is  possible. 

For  a  cascade  with  contracting  channels,  a.  /i  =  sin'i,  Under  this  condition 

idft  * 

wo  obtain  the  usual  Baire  aquation  for  flow  angle  at  exit  (8-47). 

Thus,  for  oascsdeB  with  contracting  channels,  the  law  of  variation  of 
eolncldes  with  the  theoretical. 

However,  as  is  well  known,  in  such  cascades  under  off -design  conditions 
('«<*,)  the  losses  intensively  increase  (Fig.  8-44). 

This  is  caused  by  the  occurrence  of  wave  losses  and  interaction  of  shocks 


with  boundary  layer  on  back  edge  in  nossle  section 


Ab  has  alrsady  besn  Indicated,  Intensity  of  shocks  In  noszis  section  at  M  >  X 

A 

depends  on  curvature  of  back  edge,  idiere  the  nlnimun  wave  losses  nay  be  obtained 
with  the  back  edge  having  a  reverse  concavity  in  nozzle  section. 

Investigations,  made  at  the  Moscuw  Power^Enginsering  Institute  have  shown  the 
possibllitjr  of  creating  reactive  cascades  with  small  losses  at  1  under  design 
and  off -design  conditions.  In  such  cascades  rationally  there  are  combined  the  positive 
features  of  cascades  with  expanding  and  contracting  channels.  At  moderate  supersonic 
spesds  4$  1.3  to  1.4  the  intervene  channe]  are  made  contracting  and  the  back 
edge  in  noizle  section  is  ealculatsd  by  method  of  characteristics  in  such  a  way  that 
along  ths  back  sdgs  there  does  not  occur  a  rs-sxpanslon  of  the  flow.  Method  of 
characteristics  can  be  used  only  for  evaluating  indlcatoi'S  of  the  flexure  on  back 
edge.  Point  of  change  of  ourvatxu^  on  back  edge  should  be  located  inside  the  channel. 

At  high  supersonic  speeds  1.3  to  1.4*  it  la  expedient  to  make  the  cascade 
channels  with  a  small  expansion  (  f  »  1.03  to  1.15)*  by  displacing  narrow  section 
within  the  channel.  Here  the  necessary  design  concavity  of  back  sdgs  diminishes 


Pig.  8-53.  a — supersonic  reactive  cascade  of  Moscow  Power -Enginssrlng  Iiiitl- 
tM.i9  (hex)  with  concave  nozzle  section  and  small  expansion  of  intervene  ulian- 
nels;  b'»dnfluence  of  expansion  of  channel  on  oharacteriatioa  of  aupersoiiLc 
cascades  with  concave  back  edge  in  nozzle  section  (sxnerlments  at  MEI).  .1— f*» 
1,17;  jE  “  0,46  (flat  back  edge  in  nozzle  section);  2— f  “  1.17;  €  «  0,53  3— f  “ 

1.10}  t  “  0.581;  4— f  ®  1.0;  C«0.680  (curves  2,3  and  4 — concave  back  in  i  ozale 
section.  , 

5ll 


4rd  oontoura  ot  tho  profile  are  sinpllfled.  The  expedienc/  of  introduction  of  n 
snail  expansion  of  channel  up  to  noisle  section  is  based  on  curves  of  losses j  pre¬ 
sented  in  Fig.  6-50:  with  small  values  of  parameter  f  intensity  of  increase  of  vn|i 


under  of f -design  conditions  sharply  lovnx'S.  With  a  decrease  of  number  the  flow 
angle  at  exit  in  such  cascades  will  vary  more  intenselyi  than  in  cascades  with 
expanding  channels. 

In  Fig.  6-53  there  are  pre'f'^^>nted  certain  results  of  investigating  cascades  pro¬ 
filed  by.  the  indicated  method.  A  comparison  of  curves  shows  that  such  cascades  have 
significant  advantages  not  only  under  varlabls,  but  also  uixler  design  conditions 
in  comparison  with  cascades^  having  a  wide  expansion  of  channel  (f^l.2).  Experiments 
have  shown  also  that  for  transonic  speeds  ()^<^1.2}  satisfactory  results  may  be 
obtained  by  means  of  a  rectilinear  back  edge  in  noasle  section;  here  the  point  of 
discontinuity  of  curvature  on  back  edge  is  disposed  Inside  the  channel. 

8-12.  Structure  of  Flow  in  Impulse  Caeoades  at 
^ansonlo  and  Supersonic  Speeds. 


The  flow  around  impulse  cascades  by  a  flow  with  transonic  speeds  is  characterised 
by  supersonic  sones  both  on  back  edge  in  nossle  seotion,and  also  on  entrance  sector 
of  back  edge.  Therefore^  equally  with  ^^the  critical  number,  with  which  sonic 
speeds  generate  in  noasle  section,  the  Introduction  of  the  concept  of  a  second 
critical  number  H  which  determines  such  a  node  of  flow  around,  at  which  aonle 
speeds  generate  on  leading  edge  is  meaningful.  Thus,  liks  N  ,  the  magnitude  M 
depends  on  the  spacing  and  stagger  angle.  Besides,  the  second  critical  number 
decisively  depends  on  ths  flow  entrance  angle. 

In  Fig.  6-54  are  presented  the  t^^and  valuee  dcpcndlxig  on  and  entrance 

flow  angle  .  As  can  be  seen,  at  email  and  large  t  M^jl.e.. sonic  apeeds 

in  an  impulse  cascade  are  generated  first  on  leading  edges  of  blades.  With  an 
increase  of  the  spacing,  )^^inorea8es .  The  character  of  the  change 
significant  degree  is  detenalped  also  by  the  shape  of  profile:  curvature  of  back 


•dge  in  nozsld  seotion  and  at  entranca  sector  and  in  the  thickness  of  edges. 

Under  conditions  In  entrance  sector  of  back  edge  of  each  profile  of 

cascade  there  will  form  an  i  ^shaped  shock.  With  an  Increase  in  speed  this  shook 
is  developed  Into  a  forward  shook  for  the  neighboring  profile  (Fig.  8-$$).  Directly 
after  each  forward  shock  the  flow  is  subsonic »  however  such  scheme  of  flow  around, 
obviously,  takes  place  only  in  the  case,  when  after  each  shook  flow  Is  accelerated 
and  before  the  eubsequent  shook  the  speed  is  Ai>l.  As  the  spaed  of  incident  flow 
increases  the  forward  shocks  approach  the  leading  edges  and  are  distorted.  Here 
the  flow  after  the  shock  is  vortical  and  along  front  of  cascade  the  speeds  vary  in 
magnitude  and  direction. 

At  a  certain  value  of  M,  >  «  when  axial  ooaponent  of  the  speed  is  super¬ 

sonic,  Shooks,  ooeurrlng  before  eaoh  profile,  merge  into  a  single  wave-like  shock 
(Fig.  d-55»b).  The  left  branches  of  forward  shocks  are  turned  in  a  direction  toward 
the  concave  surface  of  profile.  V/lth  a  further  increase  in  the  shocks  enter 
into  the  intervene  channel.  Consequently,  under  the  conditions  M,  neighboring 
profiles  do  not  exart  an  influenca  on  ths  flow  before  the  leading  edges  and  thersfors 
the  flow  around  entrance  sector  by  such  a  supersonic  flow  may  be  assumed  isolated. 

However  in  majority  of  encountered  oases  speeds  at  entrance  into  oasoadw  are 
insufficiently  great  and  axial  speed  of  flow  ie  significantly  less  than  the  sonic. 

In  this  case,  the  influence  of  profiles  is  propagated  In  a  direction  against  the  flow. 

Ns  shall  oonalder  the  flow  around  by  supersonic  flow  of  ideal  fluid  of  a  cascade 
with  a  finite  number  of  profiles  under  the  condition  that  axial  speed  is  less  than 
the  sonic.  Let  us  assume  that  thickness  of  leading  edge  is  equal  to  sero,  the 
design  angle  of  edge  is  extremely  small  and  back  edge  of  profile  up  to  ent'anoe 
sector  of  channel  is  formed  by  a  straight  line  whose  slope  angle  to  front  of  cascade 
is  equal  to  p,. 

If  vector  of  sipeed  at  entrance  in  cascade  is  directed  at  an  angle  Trom  side 
of  back  edge  onto  leading  edge  there  appears  a  alight  di«oontlnuity~the  cluiracteristlc. 

5.1 3 


Fig,  8-54*  Influano*  of  ralatlva  pitch 
H,  tha  aattlng  anglafyand  entranna  flow 
angXa  on  orltloal  valuaa  of  M  for  an 
tmpulaaoasoada*  * 

Along  tha  raotilinaar  aaotor  of  back  adga,  tha  apaad  is  maintalnad  constant  and, 
oonaaquantljr,  bafora  adgas  of  following  profllas  tha  spaad  of  tha  flow  Is  equal  to 


Fig.  8-55 •  Sohanatlc  diagram  of  flow  of 
•uparsonlo  flow  In  an  Inpulse  oasoade. 


spaad  bafora  first  proflla  (Fig,  8-S6,a).  Thus,  In  this  oass  flow  bafora  oasoada 


with  an  Infinite  number  of  profiles  does  not  differ  from  the  flow  at  Infinity. 


In  tha  oasa  whan  vaotor  of  spaad  at  antranoa  into  oasoada  is  dirsotad  at  an 


angle,  smallar  than  on  leading  edge  of  first  profile  (from  side  of  back  edge) 
there  will  form  a  wave  of  rarefaction,  in  whioh  tha  flow  is  acoelarated  and  is  tumad 
by  sn  angle  — p,  (Fig.  8-56,b). 

Along  tha  raotiLi.naar  sector  of  back  edge  of  profile  tha  apaad  is  maintalnad 
higher  than  spaad  at  infinity  bafora  tha  oasoada,  and  its  vaotor  is  diraoted  at 
an  angle  Therefore  on  edge  of  following  proflla  there  davalopa  a 

eoaqprassion  wave  and  all  tha  lower  loostod  profiles  are  flowed  around  by  a  flow  of 


gra&t«r  sp«od,  than  the  first. 


leading  edge  of  first  profile  there  appears  shock  wavsi  in 
which  there  occur  a  decrease  in  speed  and  turn  of  flow  by  an  angle  j)  . 

Further  discussions  are  analogous  to  the  oasS)  when 

If  at  ^  consider  a  cascade  with  an  infinite  number  of  profiles,  then 

it  is  necessary  to  admit  that  at  infinity  before  the  citJos^e  there  must  either  exlet  a 
ware  of  rarefaction  <at.  )«  in  whloh  flow  is  turned  by  angle  — 

or  shook  wave  (at  Bi>)\  )  Thia  oontradlota  the  condition  Consequently, 

at  a  aupereonlo  speed  before  oasoade  flow  at  infinity  oan  be  directed  only  at  an 
angle  =  f,mpg 


Fig.  8-56.  Structure  supersonic  flow 
at  antranoe  into  Impulso  cascade. 

Under  actual  oondltlona  a  rotating  oasoade  is  flowed  around  ooncurrentiv  with 
the  guide  cascade.  In  this  case  the  entire  change  in  structure  of  flow  on  leading 
edges  of  first  profile  are  localisad  in  nossle  sector  of  gulcb channel,  where  in  a 
such  system  it  Is  possible  to  assure  a  flow  around  oasoade  by  a  auperaonit  flow  at 
any  entrance  angle  p,y3|l,(up  to  the  arrival  of  modes  of  ■outaff,  Sec  8-131,  Hero 
the  flow  around  lower  located  profiles  to  a  significant  degree  is  determlred  by 
the  ay«t  m  of  shocks  and  waves  of  rarefaction,  reflected  from  wall  of  oblique  section 


m 


of  noMla.  3tPuctur«  of  flow  boforw  caooado  is  eomplicated,  ond  iho  uonotonoua 
flow  around  all  profllti  It  dlatrubad,  Tha  ptrlodleity  of  iho  flow  at  entranoe 
litto  rotating  oatoadt  at  tupartonle  ipttda  will  bt  obaarved  In  th«  Intorval,  a 
brlaf  tpaolng  of  guidt  oatoado. 

K.  Otyatleh  obaarved  that  even  in  eaaa  of  knlfanaharp  leading  edge  at  daaign 
entrance  angles  of  flow  in  the  oaaoada  there  may  appear  a  oompUeated  aysten  of 
ahooka.  An  analyala  of  thaae  results  shows  that  the  head  shocks  developing  be¬ 
fore  the  cascade  formally  nay  be  divided  Into  three  main  groups:  shocks  caused 
by  the  thickness  and  shape  of  leading  edge,  shocks  depending  on  shape  of  Intervene 
channel  (shocks  frost  "cut-off"  of  Intervene  channel)  and  shocks  (or  waves  of  rare¬ 
faction)  caused  by  of f -design  entranoe  flow  angle  Into  cascade  (  )•  Under 

actual  conditions  It  is  virtually  Impossible  to  divide  these  shocks,  because  they 
will  form  a  single  complex  system. 

8-U.  Reduced  Plow  Rate  of  Gas  Through  a  Oascade. 

PscuUar  Operating  Condtlons  oi*  Impulso  Cascade  in 
a  Supersonic  Flow. 

Vfs  now  write  out  the  eqijuation  of  continuity  for  sections  of  entranoe  and  exit 
of  ua<i^nade  (Fig*  in  following  form  which  we  know  (See  Sec,  6-11): 

V,  iln  ?,  =  Vi*.  s*n  «,  .-r.  .  (6-56) 

P9* 

this  equation  may  be  used  for  a  graphic  calculation  of  parameters  of  flow  In 

a  cascade. 

Ws  note  that  the  axial  projection  q^  Is  equal  to: 

V,.  **  fl’i  »fn  5,  v,t,  s(n  fJ,  =  (8-57) 

On  the  other  hand,  ^  ^ 

‘F.  1^1  — sinp.  (8-56) 

It  follows  from  this  that  constant  value  q^  laay  correspond  to  differe:it  values 
of  X  and  p.  .  Consequently,  at  q^  «•  const*  the  end  of  vector  x  describes  In 
the  polar  system  of  coordinates  (1,  p)  certain  transcendent  curve.  This  curve 
we  shall  call  the  ftodogranh  of  the  vector  A  . 

'5.1  B 


•quAtlon  of  hodogruph* 

In  bolng  glv«n  dlfforont,  bwt  oonsiont  froa  0  to  q^  ■*  1  and  from 

0  to  *,  In  piano  of  hodograph  it  it  poaslble  to  oonatruot  group  of  ourvoi,  mokliig 
It  poaolblo  to  aaloulato  graptJLoally  tho  flovr  in  rotating  oMoadoa. 

Tho  form  of  hodograph  x  for  oortain  q^  ii  shown  in  Fig.  B-$B.  Tho  oirclo, 
eorroapondlng  to  dlvidoo  piano  of  hodograph  into  two  rogiono  [subsonic 

(  i<l  )  and  suporsonio  (^>1)1. 

At  subsonic  spoods  at  ontranoo  tho  uco  of  tho  graphic  nothod  do«s  not  oauso 
unusual  diffioultios.  Actually,  at  (Ideal  fluid)  q^^  **  q^^  and  tho  vector 

with  a  given  3,  is  found  on  tho  sanw  curve  (q^  »  const)  that  also  tho  vector 
is«  Consequently,  by  tho  known  1,  and  wo  find  tho  point  A,  and  tho 
determining  curve  q  *'  const,  and  by  at  points  B  and  B'  wo  determine  tho  vector 

mML 

a,  (or  a',  if  speed  at  exit  is  suporsonio). 

Tho  hodograph  method  may  bo  extended  also  to  tho  case  of  flow  with  losses. 

For  this  purpose  wo  construct  tho  curve  (dotted  lino  in  Fig.  6~5B)  from  the  equation 

A  a«  'j  ^ (B-  -59) 

On  this  curve,  we  find  the  points  E  and  E',  corresponding  to  speeds  o:.‘  flow 
after  cascade  with  a  consideration  of  the  losses.  Hence,  it  is  evident  thrt  at  a,<;t 
the  exit  speed  of  flow  from  the  same  casoade  with  losses  will  be  greater,  than  in 
the  oase  *,  and  at  a,>l. — less  (under  the  condition  of  msintainlng  Un  same 
exit  flow  angle). 
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fig,  Qraphlo  d«t«ralnAtlon  of 

pftrMMtora  of  flow  in  oMoadio, 

Of  groat  Intorooi  io  tho  dotomlnatlon  of  oondltlonOf  which  at  tniranoo  or 
at  oxlt  of  oaocado  tho  apoodo  attain  oritioal  valuos.  Proa  (8-$6)  thoro  nay  bo 
obtainod  that  at  1,9=3!.# 

p[ « ircsin  (<r,t,  sin  p,)  arcsln  (8-60) 

During  abflonoo  of  loasoo 

P7*“  •resin  4r,^. 

Xt  io  roadily  ooon  that  at 

V„«=»cofis!  ^  ?!*<?"  (8-60a) 

tho  oritioal  apood  at  oxlt  of  oaooado  io  oatatallshod  in  tho  oaao,  whon 

S  *»  arcsln  (8-6I) 

Disrlnp  aboonoo  of  loaooa 

arcsln  (8-6la) 

It  foUowo  fron  this  that  during 

^,.*-consland  pj>p;\ 

Tho  valuoo  P| .  Pi .  Pa’,  and  alao  oan  bo  dotomlnod  by  Mans  of  tho 
hodograph  (Pig#  8-S8). 

During  ouporoonio  opoodo  at  ontranoo^not  all  tho  aodao,  oorraoponding  to  hodograph 


of  speed,  are  actually  admissible.  Experiments  show  that  in  certain  cases  at 
Xi>l.  at  entrance  into  cascade  there  develop  systensof  shocks,  not  associated  with 
flow  around  the  profiles j  In  intersecting  this  system  of  shocks  the  flow  becomes 
subsonic.  Such  nodes  of  flow  around  active  cascades  are  called  "cutoff"  modes. 

At  the  same  time  according  to  the  condition  of  continuity  of  motion  there  Is 
found  to  be  inadmissible  a  certain  other  group  of  modes  with  subsonic  and  supersonic 
speeds  at  entrance.  We  shall  establish  at  first  range  of  inadmlseible  values  of  >.i, 
Ws  considsr  ths  notion  of  the  gas  in  tha  system  inlet  nozslso-easeado  (Fig.  8-59a). 
Paesage  aections  in  this  system  are  determined  by  evident  relationships: 

(8-62) 

Vfs  writs  out  ths  equation  of  continuity  with  a  consideration  of  the  losses: 


Fig,  8-59.  Chart  for  ths  analysis  of  "outoffn 
nodes  of  rotating  cascade. 


H«ncs  It  ia  evldant  that  the  critical  speed  in  section  and,  consequently, 
Buperaohlo  flour  at  entrance  into  cascade  (in  section  F^)  can  develop  only  under  the 
conditions  and  F^^  flow  before  cascade  will  be  subsonic, 

and  consequently,  "cutoff"  nodes  cannot  be  observed. 

After  substitutinK  (8~62)  and  (8-6.3)  and  assuming  that  9i  sin  ~  <7,^ ,  and 
maximum  flow  xate  through  the  system  corresponds  to  «  1,  wa  obtain: 

It  follows  from  this  that  the  modes,  corresponding  to  condition 

are  not  realisable.  *  (8-64) 

In  plane  of  hodograph  (Fig.  8-58)  region,  corresponding  to  the  inadmissible 
values  of  1|,  at  entrance  into  cascade,  is  cross-hatched.  Thxis,  before  the  cascade 
there  cannot  be  realised  either  certain  supersonic  speeds  (region  0-2-3),  or 

certain  subsonic  (0>l-2).  It  is  necessary  once  again  to  vnphasise  that  region 
of  impossible  modes  at  entrance  into  cascade  does  not  coincide  with  region  of  "cutoff" 
modes.  In  last  case  before  the  cascade  shocks  appeal'  and,  consequently,  the  "cutoff" 
may  form  only  in  the  case,  when  in  the  stator  there  is  attained  a  supersonic  speed. 

For  the  solution  of  this  problem  it  is  convenient  to  use  a  simplified  scheme 
of  inlet  nose Is— channel,  in  which  the  cascade  is  replaced  by  a  contracting  channel 
(Fig.  8-59«b).  In  such  a  tube  of  variable  section  at  ■>t^  the  speeds  everywhere 
are  subsonic  (  —maximum  ratio  of  pressure,  at  which  in  critical  section 
In  case  in  initial  section  after  section  F^  thei'e  occurs  a  supersonic  sons, 

which  is  enclosed  by  a  oonpression  wave.  The  modes  ■<."1'.  where  il  la  the  ratio 
of  the  pressures,  with  which  the  shock  is  located  in  section  F  «  F^,  theoretically 
may  be  realised  in  three  ways:  with  a  shook  in  exit  section  and  in  intermediate 
Sections  of  nossle  F^  and  ohsmelF^.  However,  first  and  third  methods  of  attaining 
•  cannot  be  realised,  since  oven  weak  perturbations  above  the  flow  result 

in  a  separation  of  mode.  Thus,  in  the  modes  «  >i>tl  with  a  decrease  in  counter- 
pressure  the  aupersonlci  region  in  initial  section  of  supersonic  nossle  incrmases— 
shock  wave  la  displaced  towards  exit  section  F^^. 


At  •<«!,  supersonic  sons  remains  constant  and  the  shock  is  located  in  section 

F  ,  i^eh  can  be  determined  from  the  condition*  at  which  in  section  F  there  is 
n  * 

established  a  critical  speed.  A  further  lowering;  of  oounterpressure  does  not  alter 

the  mode  of  flow  in  the  system.  Wiih  the  specific  ratio  FgA#  tind  the  section 

P  coincides  with  F, .  In  this  case  before  the  channel  and  in  channel  there  is 
n  1 

poeslbls  the  existence  of  supersonic  speeds. 

Consequently,  in  system  noxale~ohannal  supersonic  speeds  may  be  attained  only 

at  Vttth  the  specific  ratio  and  Fj^/P^  in  the  modes  «  at  entrance 

into  channel  there  is  possible  the  existence  of  supersonic  speeds. 

By  returning,  to  the  system  noBsIe»*ca8eade  (Fig*  8‘-59ia)  we  note  that  the 

ratio  determines  the  value  of  i,  for  diverging  no»»le,  and 

r*  M  *  •  I  ■in  ^1 

Aa  has  been  shown  above,  supersonic  speeds  before  cascade  are  poasible  only  in 
the  case,  when  the  equation  of  continuity  with  a  consideration  of  the  losses  is 


satisfied: 


Here  Pq^/Pq^  the  change  in  stagnation  prsssure  in  a  normal  shock  with  the 
change  depending  only  on  **^'^**02  change  in  stagnation  pressure  in  oasoads, 

At  and  1,^1 .  from  equation  of  continuity  ws  obtain: 

Formula  determines  in  the  plane  of  hodograph  the  curve,  limiting  region 

of  modes,  under  ^ich  supersonic  speeds  at  entrance  into  cascade  ie  unattainable. 

At  A,  =  l  P»'-=Pi>a’  i,  curves,  governed  by  formula  (8-65),  coincide 
with  curves,  constructed  by  formula  (8-59) • 

For  practical  use  it  is  expedient  to  construct  diagram  of  hodographs,  corre¬ 
sponding  to  different,  but  conetant  values  of  (Fig.  8-60), 

Diagram  is  constructed  in  following  manner.  In  being  given  the  constant 
and  a  number  of  values  of  q  we  determine  by  (8-59)  the  corresponding  valuis  of  -i  . 

A 

In  region  i;;;.  |  we  construct  also  a  family  of  curves  by, formula  (8-65),  wtere  in 


Fig.  8-60.  Diagram  of  hodograph  x. 

this  eaae  sin  .1,  .=-9  .  These  curves  are  used  for  determining  the  zone  of  possible 
supersonic  speeds  at  entrance  into  cascade. 

For  convenience  In  constructing  and  using  the  diagram  beloK  there  have  been 
plotted  functions  of  the  one-dimensional  isentroplc  flow: 

FiJ  v''’  V"!  ^et  cetera,  and  also  Vi” 

Pt  ft  •  9  Ptt 


Na  consider  in  a  particular  example  the  use  of  this  diagram.  We  shall  assume 

as  given  the  values  “  0.5  and  “  0.7. 

Then  sin  *,  ^  •“  0.714  and  1  -  45®30*.  On  horisontal  axis  we  find  two  values: 

0,7 


and  By  drawing  from  point  0  two  circles  with  radii  a,  and  aJ  we  shall 
obtain  at  Intersection  with  the  radial  line  45°30'  the  points  A  and  oorro-> 


sponding  to  the  hodograph  0.5*  After  determining  by  the  Indicated  method  of 
entrance  and  exit  triangles  of  speeds,  we  can  find  the  parameters  of  the  flow.  As 
a  preliminary  it  is  necessary  to  make  check  of  the  possibility  of  attaining  a  speed 
A'  at  entrance  into  cascade. 

For  such  an  evaluation  It  is  necessary  to  know  assume  »  36*’50'. 

Then  during  a  supersonic  speed  at  eslt  of  cascade  q  »  sin  (jte  **0.6.  Consequent Jly« 

2a 

before  the  cascade  a  supersonic  speed  la  unattainable,  since  the  point  B  is  found 
in  the  region  limited  by  dotted  curve  “  3<>®50'. 

The  hodograph  i  can  be  used  also  for  an  approximate  calculation  of  angles  of 
flow  deviation  in  nossls  section  both  in  guide  and  also  rotating  cascades. 

For  this  purpose  as  a  preliminary  from  equation  of  continuity  (B-56)  during 
an  absence  of  losses  (  (,  =  1.)  we  obtain: 


•Inti' 


Whence 


«  =  P.  -  Pjvi,  ni^csin  sin ?,)  - 


In  considering  that  at  p  “  p  and  q  “  q  ,  the  angle  of  deflection  of  flow 

2  1  2  1 

is  equal  to  ^  reach  the  conclusion  that 

At  =  0  and,  consequently,  at  any  supersonic  speed  of  the  incident 

flow  a  deflection  in  nossls  csotion  does  not  occur.  In  the  case,  when 
i.c.jin  nossls  section,  a  contraction  occurs  Instead  of  an  expansion.  An  analogous 
conclusion  con  be  reached  also  in  the  analysis  of  flow  in  the  plane  of  hodograph. 

Such  behavior  of  a  aupersonla  flow  in  impulse  cascades  is  associated  w^  th  the 
fact  that  at  supersonic  speeds  perturbations  are  not  propagated  against  the  flow 
and  the  pressure  before  the  cascade  may  be  selected  arbitrarily.  This  condition 
is  disturbed  only  in  "cutoff"  modes  l.e.^in  the  case  when  vector  l'  Use  Ir  region, 
.Uwlted  by  the  dotted  curve  sin 


Thui,  prior  to  tho  arrival  of  "cutoff"  nodea  tho  exit  flow  angls  from  caacada 
oan  ba  dataralnad  by  the  value  in  the  baaic  faudlj  of  ourvaa  »  const, 

in  which  ia  indapondant  of  tha  gaootatrie  parafflotars  of  cascade  and  the  Mach 
nuabar.  In  "cutoff"  modes  tha  vector  ia  foxmd  inside  region  bounded  by  the 
dotted  curve  «  const;  angle  of  exit  ia  determined  by  on  the  curve  q^*eln  » 

i.e.  it  depends  on  geometric  parameters  of  the  cascades* 

In  Fig.  d~6l  there  are  presented  the  design  curves  of  the  dependence  of  exit 
fl»  on  J.  ««1  at  -  18.20.  «h.r. 

is  the  design  value  of  M  number  for  inlet  nosale.  On  the  graph  there  have  been  plotted 
also  experimental  points,  obtained  at  •  1.62.  There  viay  be  noted  a  satisfactory 
agresnent  between  the  calculation  and  the  esqrMriment. 


Fig.  8«6l,  Dependence  of  exit  flow  angle  },  from 
Impulse  cascade  on  >,  at  Mat  *  end  ?a,|,  *  «  18®20'. 

KETs  a)  Calculation;  b)  ^erlmnt  at  1.62. 

8-14.  Profiling  and  Results  of  Experimental  Investigation 
of  Impulse  Cascades  during  High  Speeds 


The  designing  and  manufacturing  of  cascades  profiles  foi'  transonic  and 
supersonic  speeds  are  realised  experimentally.  Experience  shows  that  supersonic 
iaqpulse  cascades  have  small  losses  only  in  the  case,  when  at  entrance  into  cascade 
flow  is  stagnated  down  to  low  superaonlc  speeds.  We  discuss  two  possible  methods 

of  profiling  of  supersonic  impulse  cascades  with  the  deceleration  of  flow  at  entrance. 

• 

Fii'St  method  consists  in  the  fact  that  the  deceleration  is  controlled  in  entrance 

SPU 


BAOtor  of  back  odgo  of  profile.  For  this  purpose  the  entrance  sector  of  back  edge 
la  Made  eonoava  for  a  smooth  deceleration  of  the  supersonic  flovf  (with  the  possible 

fonaation  of  an  isolated  curvilinear  shock)  or  with  angular  breaks  for  a  stepwise 
deceleration*!'  in  a  system  of  diagonal  shocks. 

The  second  method  is  based  on  decelerating  flow  in  curvilinear  or  diagonal 
Shooks,  organised  in  sntranes  section  of  channel.  Hare  the  entrance  section  of  back 


Pig.  8*62.  Schematic  diagram  of  active  supersonic 
castisdsB. 

stepwise  deceleration  at  entrance;  b—with 
Smooth  dscelsratlon  along  back  edges  at  entrance;  c— 

with  deceleration  in  diagonal  or  normal  ahooka  on  con¬ 
cave  surface. 

edge  is  made  rectilinear  or  with  a  very  email  curvature,  and  the  design  an|  le  of 
leading  edge  is  selected  in  such  a  way  that  deceleration  of  the  flow  occurs  in  the 
shock,  developing  from  side  of  concave  siu'face. 

At  small  supersonic  speeds  (Mj<C1.25)  losses  in  a  noiisal  shock  are  small 
ssee  Chapter  4. 
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(1-1. 5}S)*  Losms  with  mn  ttxpanslon  of  tho  flow  in  noasle  ooctlon  also  can  be 
reduced  to  a  slnlnum.  Therefore  the  intenrane  channel  of  caacadey operating  at  low 
■upereonie  speeds,  can  be  designed  as  contracting  in  such  a  manner  that  ahead  of 
it  a  normal  "cutoff"  shock  generates.  At  high  supersonic  speeds  it  is  expedient 
that  the  Intervane  channel  is  made  convergent-divergent. 

The  possible  shapes  of  profiles  and  channels  of  active  supersonic  cascades 
are  shown  in  Fig.  8-62. 

As  a  theoretical  analysis  shows  even  in  an  Intervene  channel  of  relatively 
great  curvature  It  is  possible  to  avoid  formation  of  ocopression  waves.  This 
conclusion  is  corroborated  also  by  experimental  data. 

In  Figs.  8-63a-d,  there  are  presented  a  sohematlo  diagram  and  photographs  of 
spectra  of  flow  around  an  TR-2A  Impulse  cascade*  by  a  supersonic  flow.  Ahead  of 
a  thick  leading  edge  there  appears  the  shock  imvs  1.  At  entrance  edge  and  on  back 
edge  of  profile  the  flow  Is  accelerated  in  waves  of  rarefaction.  The  waves  of  rare¬ 
faction  terminate  in  shock  2  which  in  combination  with  shock  1  forms  tho  bow 
1  -shaped  shook.  At  point  A  there  is  observed  a  separation  of  the  boundary  layer, 
the  X  -shaped  bow  shook  causes  a  discontinuity  in  the  boundary  of  vortex  sons 
at  point  B.  However  the  separation  of  boundary  layer  is  maintained  up  to  exit 
section  of  intervane  channel,  where  boundary  of  vortex  sons  and  the  concave  surface 
of  profile  will  form  hypothetical  channel  of  practically  constant  width.  At  the 
place  where  an  edge  shook  occurs  on  back  edge  there  occurs  a  local  separation  of 
boundary  layer  otdng  to  the  curvature  of  back  edge;  after  the  shock  (point  C)  the 
flow  is  accelerated.  In  approaching  the  trailing  edge  there  will  form  the  isolated 
shock  wave  3.  After  the  edge,  there  appears  a  second  edge  shook  Both  shocks 
merge  into  one  A  -shaped  shook. 

In  cascadee  of  group  A  at  supersonic  speeds  there  occur  additional  losses s  in 


wCascades  in  group  A  have  been  designed  for  a  flow-around  ty  s  flow  of  subsonic 

speeds. 


r'*>rs 


th«  oomprasslon  wavas  at  antronea.  In  vortax  Bona»  forming  as  a  oonssquanca  of 
saporatlon  of  boundary  loyar  aftar  shook  2,  In  th*  adgs  and  roflaotad  shocks  4  and 
In  tha  1  -shaped  shook.  With  on  Inoraoss  of  spsad  those  losses  Intensively  Inoroose. 


Fig.  d-63.  a-sohematlc  diagram  of  shooks  1-5  and  points  A,  D,  C;  Figs. 

8-63-b  -  d-63d-photograph8  of  spectra  of  air  flow  In  TR-2A  Impulse  cascade; 
b-M^  -  1.205;  o-Mj^  -  1.395  J  d-Mj^  -  1.1635, 

Cascades  of  group  B,  developed  at  Mosoow  Power-Engineering  Institute  for 
transonic  speeds «  ore  chorsoterlsed  by  smaller  thloknoss  of  loading  edge  and 
ourvature  of  back  edge  In  entranoe  section  and  nossle  section.  In  these  cascades 
before  leading  edge  there  develops  a  ourviUnsor  shook  a  (Fig.  8-64)  of  lesser 
Intensity.  On  the  curvilinear  surface  of  back  edge  (terminating  A)  there  occurs  an 
Intense  sooeleration  of  the  flow.  The  shock  enclosing  the  cone  of  expansion  la  loo ited 
inside  ohonnel  (channel  No  1  In  Fig.  8-64) <  In  case  the  re-exponslon  Is  small, 
the  stagnation  occurs  only  In  the  forward  shook  (at  point  B,  channel  No.  2  in 
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Fig.  6~6k)* 

With  «  great  oonatrlotlon  of  the  ohannaX  ahead  of  It  (not  ahead  of  edge) 
there  appeara  a  ehook  nave  ("outoff"  mode«  channel  No.  3  In  Pig.  8-64).  Such  a 
location  of  the  ehook  aaeuree  a  atable  eubaonio  flow  in  the  Intervene  channel.  If 
by  profiling  the  exit  aeotlon  of  back  edge  aiaall  loaaea  are  added  during  an  expartaion 
of  the  flow  In  noaale  aeotloni  then  auoh  a  oaaoade  may  be  found  to  be  highly  eoonoadoal 
up  to  M  1>2S  nuabera. 

In  Fig.  d-65  ourvea  of  loaaea  ixt  oaaoadea  of  groupa  A  and  B  are  preaented,  At 
.95  loaaea  In  a  TR-IA  oaacada  are  lower  than  In  oaaoadea  of  group  B.  However 
at  }^>  1  loaaea  In  the  TP-IA  caaaade  aharply  Inoreaae)  in  oaaoadea  of  group  B  at 
^  0,9$  to  1.25  the  loaaea  are  lower. 

Value  of  orltloal  M  nuaber  for  a  oaaoade  of  group  B  in  all  oaaea  la  higher 
than  for  a  oaaoade  of  type  A. 

In  a  TR-2B  oaaoade  the  deoreaae  in  loaaea  oooura  up  to  1.0.  However, 
at  N^>  1.1  there  la  obaerved  a  nora  Intenalve  Inoreaae  of  loaaea,  than  in  the 
m-lB  ouoade.  Thla  la  oauaed  by  the  greater  ourvature  of  back  edge  of  profile  of 
TR-2B  In  noaale  aeotlon. 


Fig.  8-64.  Soheauitla  diagram  of  auperaonlo 
flow  in  oaaoadea  of  group  B. 

In  Fig.  8-66  there  are  preaented  ourvea  of  the  preaaure  diatrlbutlona  about 
the  profile  of  a  TR-IV  oaaoade  at  the  Koaoow  Power-Hingineering  Inatitute  for 
auperaonie  apeeda  by  decelerating  the  flow  in  oblique  ehook,  developing  Inalde  ohannel 

fran  direction  of  oonoava  aurface.  The  intervene  channel  of  the  oaaoade  la  a  conver¬ 
gent-divergent  ohannel.  The  minimum  aeotlon  ia  located  in  entrance  section  (points  8 
and  7  and  13-14). 
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Pig.  d-65.  Th«  mlatioMhlp  batMMn  prof  111  los««i 
in  oMoidM  of  group!  A  and  B  on  thi  H,  nwbtra. 

KKTs  (a)  TR-IB  with  a  trunoatad  baok  idga)  (b)  TR-lAt 
(o)  TR-2BJ  (d)  m-lB. 

Tha  itagnation  of  tha  flow  oooura  ahaad  of  antranoa  aaoiion  of  ohannal  (point 
10-1?.).  At  H^>  1.0  bafora  ohannal  thara  ganaratai  a  nomal  ahook  which  with  an 
inoraaaa  in  M  numbar  approaohaa  tha  antranoa  aaotion. 

At  tha  bow  ahooka  antar  into  tha  intarvana  ohannal  and  tha  da- 

oalaration  oooura  in  a  ayatan  of  diagonal  ahooka {  in  tha  ohannal  tha  flow  ia 
aooalaratad,  whara  in  aona  of  adniann  aaotion  on  baok  adga  of  profila  thara  ia  dataotad 
a  daap  rarafaotion.  With  an  inoraaaa  of  tha  ainlMuan  praaaura  daoraaaaa,  and  tha 
baginning  of  dlffuaar  aaotion  ia  diaplaoad  along  tha  flow. 

In  Fig.  8-67  thara  ara  ahown  apaolura  of  tha  flow  around  oaaoadaa  of  group  .B. 

It  ia  oharaotariatio  that  at  fairly  auffiolant  larga  numbarii  apaada  in  tha  Intar¬ 
vana  ohannala  ara  auparionio,  but  ahook  wavaa  ara  abaant,  daapita  tha  graatar  ourva- 
tura  of  tha  ohannala.  In  antranoa  aaotion  of  profila,  bafora  adga,  thara  will 
fom  a  ayatan  of  forward  ahooka. 

In  oaia  tha  oaaoada  ia  daaiipiad  by  tha  wathod  of  atapwlaa  daoalaratlon  of  flow 
along  baok  adga  of  profila  (ayatam  of  diagonal-nomal  ahooka),  at  high  auparaonlo 
apaada  thara  will  fora  two  ahooka  ona  of  wh.Loh  la  looatad  at  plaoa  of  diaoontlnulty 
(Pig.  8-67, b).  In  Fig.  6-68  thara  la  givan  a  oooqparlaon  of  loaaaa  in  Impuls* 
oaaoadaa,  daaignad  by  tha  Mthod  of  daealairatlng  flew  along  baok  adga  of  profila 
and  by  mathod  of  daoelaratlng  in  obliqua  aheok  on  oonoava  aurfaoa.  It  la  poaalbla 
to  nota  that  flrat  aathod  Mkaa  It  poaalbla  to  attain  aoMwhat  tha  bettar 
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Ftg,  8-66.  Difirihivtion  of  prcasurts  about  profila  TR-IV  (oonvargant-divar- 
gant  Qhannala)  in  oaacfda. 

t  0.575J  py  “  89‘’05'}  p,j  ^  20“ . 


Fig.  8-6 /.  l--sp«ot.ra  of  air  flow  in  oascadM  with  oonvergent-di /argent  ohan- 
ne,la  (TO-IV)}  I  ^  0.575;  Py  -  89“05';Pi  «  a-Mn  -  :i,  Vu  b-M.  i  tt 
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Flf|«  8x68.  OoapAriBon  of  oharaoteriatios  of  auper- 
■onlo  Inixilsa  oasoades  of  dlffarant  tjrpos . 
li  2f  3$  4— oaaoadas  with  aonvargent-dlvargant  ohannalat 
3xxwith  decelaratlon  In  entronoa  ahooka] 
oonatant  Motion  of  ohannol;  6xx'nixlBi  V-^-TR-lA. 


Fig.  8«69>  Eolailonship  botweon  ond  loosos  in  oaaoadas 
and  M  numbar. 

1— Tr2ib  at  P,  "  IS"?  2--TR-1B  at  p  «  21";  3— TR-lB-1 
at  pj  «  18";  V-TRx2B  at  “  24"r!>— TS-IA  at  p^  -  90". 

charactarlatloa  of  a  oaaoada  at  M2>1.3  (by  1  to  2.5^).  Howavar,  thla  conolualon 

la  made  on  tha  baala  of  a  Uoltod  amount  of  axparlmontal  data. 

fiicparlaanta  ahow  that  at  tranaonio  and  auparaonic  apaada  and  loaaaa  for  all 

eaacadaa  graatly  daoraano  (Fig.  8-69).  Also  tha  nonunifomity  of  axlt  flov  anglaa 

dacreasa  according  to  tha  halght  of  tha  caaoadaa. 
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CHAPTER  9 


FLOW  OF. GAS  IN  A  1URBOMAOH1NB  STAGE 


9-1. 


In  a  turbomaohln*  atag*  thara  oooura  a  oonverelon  of  tha  potantlal  anargy  of 
gaa  into  BMohanioal  work  (turblna)  or  naohanioal  work  into  potantlal  anargy  of 
gas  (oonpransor).  In  loth  oaaaa«  flow  of  gaa  nakaa  an  anargy  axohanga  with  tha 
anrlronmant. 

Wa  shall  oonsldar  tha  sohana  in  prlnolpla  of  a  turblna  stags  with  an  axial 
flow  of  gas.  In  Fig.  9-1  thara  ara  shown  tha  basic  alamants  of  such  a  stags.  Through 
Inlat  duct  1  gaa  la  auppllad  to  stationary  gulda  row  2,whara  part  of  Its  potantlal 
anargy  will  ba  oonvartad  Into  klnatlo  anargy.  Acquiring  In  tha  guide  row  signi¬ 
ficant  spasds,  tha  flow  of  gaa  passas  through  olaaranoa  3  and  lupingas  on  noving 
blades  kt  fastanad  on  whaal  5.  Hare  thara  occurs  a  transfar  of  anargy  to  rotor  of 
turblna . 

With  tha  radii  r  and  r4dr  wa  draw  two  oyllndrloal  sections »  tha  axis  of  which 
will  coincide  wi.th  axis  of  turblna.  Ry  these  saotlons  wa  shall  divide  tha  alamantary 
stags  of  turblna}  davaloping  it  Into  a  plana  (Fig.  9-2»a),  It  is  possible  to  trace 
character  of  change  of  speeds  In  tha  flow  part  of  stage. ^ 

Wa  shall  Introduce,  In  distinction  from  preceding, tha  following  daslgnatlons 


STha  gulda  and  moving  rows  of  tha  stage  will  ba  oallad  the  flow  part. 


of  spoeds: 


e— sp««d  of  «bsAlut«  motion  of  j;a8{ 
w— spaed  of  gas  in  relative  motion! 

t 

tt— spaed  of  migratory  motion  (peripheral  speed)! 

0^  and  w^»>proJootionB  of  speeds  of  absolute  and  relative  flows  onto  direction 
of  speed  u; 

0^,  w^»-proJeotions  of  apeeds  of  absolute  and  relative  flows  onto  dlreotlon  of 
axis  of  rotation! 

w^>»rs4ial  oomponents  of  apeeds  of  absolute  and  relative  flows. 


Fig.  9‘’1.  Sohematio  diagram  of  turbine  stage  in  an 
axial  flow  of  gas  (a)  and  distribution  of  parameters 
of  stagnation,  static  pressures  and  speeds  in  flow 
part  (b). 

The  sxibsoript  1  designates  speeds  referring  to  entiy  to,  and  the  aubBor;.]it  2  to 
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•xlt  from  fflorlng  blades. 

The  operation  of  turblno  stage  can  be  traced  b7  Figs.  9-1  and  9-2.  In  the 
▼ane  ohannela  of  guide  roK,  the  flow  of  gas  accelerates  and  simultaneously  turns , 
leaving  It  with  a  speed  c^  directed  at  an  angle  (i|  to  axis  of  row  (Fig.  9-2,0). 
The  potential  energy  of  gas  Is  transformed  into  the  kinetic  energy  of  flow. 

Onto  moving  blades  the  flow  enters  with  a  relative  velocity  w^,  which  readily 
is  obtained,  after  constructing  the  entry  triangle  of  speeds. 

In  the  vane  channels  of  moving  row  there  occurs  a  turn  of  the  flow  in  the 
relative  motion;  In  this  connection,  the  forces  of  gas  pressure  gas  produces  work 


Fig.  9-2.  Development  of  flow  portion 
(a)  and  triangles  of  speeds  of  axial 
stage  (b). 

of  rotation  of  turbine  rotor.  The  flow  emerges  from  moving  blades  with  a  relative 
velocity  w^  at  an  angle  p,  to  axis  of  grid.  Knowing  the  peripheral  speed  u  It 

la  easy  to  construct  the  exit  triangle  of  speeds  and  to  detannxi\e  speed  of  the 
absolute  flow  at  exit  of  stage  c  (Fig.  9-2, a).  Frequently  the  entry  and  exit 

A 

triangles  of  speeds  are  expressed  from  one  pole,  as  Is  indicated  in  Fig.  9-2, b. 

Thus,  energy  of  gas  is  transmitted  to  rotor  of  turbine  owing  to  the  fact  that 
the  forces  of  pressure  during  tixming  of  flow  on  the  blades  produce  the  work  of 
rotation  of  rotor.  As  a  result  temperature  and  pressure  of  stagnation  of  absolute 


flow  docreas<3  so  that 


and 


K,>t„ 


I 


^ nrl  ^ 


A  charactariatlo  paeullarity  of  tho  oonsldarad  procass  is  Ito  uultlstaga 
character:  tha  potential  energy  at  first  is  transformad  Into  tha  klnstio  energy 
of  novlng  gas,  and  than  on  tha  moving  tdiaal  tha  kinatio  anergy  will  be  convarted 
into  BMohanical  work.  Such  procass  in  purs  form  takas  place  in  in  active  stage: 
tha  static  pressures  at  entry  and  exit  of  moving  row  are  approxlmta]^  Identical, 
and  tha  speeds  v.^  and  differ  only  on  account  of  the  losses  in  moving  row. 

In  a  purely  reaction  stage  both  components  of  ths  proosss  proceed  simultaneously 
on  tha  moving  wheal.  Tha  flow  of  gas  in  tho  moving  ohannals,  in  tha  relative 
notion  la  accalaratad  and  simultaneously  raallaas  the  work  of  rotating  the  rotor. 
Widely  used  are  Intarmodiata  types  of  stages,  In  which  rationally  there  are  combined 
both  principles— the  active  and  reactive.  In  this  case  conversion  of  potential 
energy  of  gas  Irfto  kinetic  is  realised  partially  in  the  stationary  row  and  partially 
in  the  moving  channels. 

The  change  in  static  parameters  of  flow  and  of  paranoters  of  stagnation  in 
flow  part  of  such  a  stage  is  shown  in  Fig.  9<*l»b. 

The  stage  may  be  realised  also  with  a  radial  flow  of  gas.  In  such  a  stage 
the  gas  moves  in  radial  planes  from  the  axis  of  rotation  to  periphery  or,  conversely, 
to  axis  of  rotation.  The  radial  stage  can  be  of  active,  reactive,  or  intermediate 
type. 

Diagrams  of  ths  flow  parts  of  stages  of  turbLie  with  radial  flow  of  gas  are 
shown  in  Fi  g.  In  radial  section  there  are  evident  the  shapes  of  pro  riles  of 

the  guide  and  moving  rows  of  the  stage  and  triangles  of  speeds  at  entry  aid  exit 
of  moving  channels.  We  note  that  in  radial  stage  the  peripheral  speed  va'Les  from 
entry  to  exit  section  of  row. 
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In  s«rt«in  irtagea  tho  flow  of  gaa  1#  directed  at  an  angle  to  the  axj.9  of 
rotation.  The  radial  eonponenta  of  the  apaed  are  not  equal  to  aero  and  In  a 
analyaia  of  proportiea  of  the  flow  muat  be  considered  (Fig.  9-4) • 

In  a  coapreeaor  atage  (axial  or  centrifugal)  there  occurs  a  tranaforioallon  of 
nechanlcal  work  Into  potential  energy  of  the  gas.  Channels  of  the  moving  row  1  of  the 


Pig.  9-3.  Diagram  of  centrifugal 
(a)  and  centripetal  (b)  radial 
etagea  of  turbine. 

axial  coiqsresBor  ai’e  expanding  channels  (Fig.  9-5).  The  pressure  of  gas  in  the 
relative  motion  increases,  and  the  speed  decreases.  This  process  is  continued  in 
stator  2.  The  enthalpy  of  total  stagnation  in  the  absolute  motion  increases. 

In  the  centrifugal  compressor  stage  the  motion  of  gas  is  realised  from  center 
to  periphery  (Fig.  9-6);  the  moving  blades  of  wheel  1  fora  expanding  channels  in 
which  there  occurs  a  stagnation  of  the  relative  flow.  The  compression  of  the  gas 
can  be  continued  in  the  vaned  diffuser  2« 

In  en  accurate  posing  of  problem  the  flow  of  gas  in  a  turbomachina  stage  is 
described  by  differential  equations  of  the  three  dimensional  flow  of  a  viscous 
compressible  fluid.  Approximate  solutions  are  based  on  equations  of  an  ideal 


Fig.  9-4.  Diagram  of  diagonal  Fig.  9-5.  Diagram  and  develop - 

stage.  Bwnt  of  flow  part  of  axial 

eoB^preasor  stl^o. 

eonpressible  fluid,  derived  In  Chapter  1. 

the  Initial  equations  (conservation  of  momentum,  oontlnultjr  and  energy)  are 
expediently  written  in  a  cylindrical  system  of  coordinates.  As  the  independent 
variables,  as  previously,  there  are  selected:  raditis-veotor  r,  the  vectorial  angle 
B»and  the  i  axis.  The  direction  of  axis  x  coincides  with  axis  of  rotation  of 
turbine.  Then  the  system  of  equations  of  conservation  in  absolute  steady  motion 

(df/dt  —  dejd/  “  dc^Ot  —  dc^dl  0) 
at  /?=.•=#  =;- 7  —  0  reduces  to  equations  (1-14)  and  (l-17a). 

For  investigation  of  flow  in  moving  row,  the  fundamental  equations  of  ideal 
fluid  expediently  are  written  for  the  relative  motion.  Here  there  are  used  the 
evident  relationships  (Fig.  9-2): 


w^=c^;  and  ir^  =  r^  — tt=c^  —  u>r. 


After  sutetltuting  these  relationships  in  equation  (l»17a)  for  steacly  relatlYe 


■otion  MS  obtain: 


“'r-^+T’dr 


da.  w' 

V+S»».  =  — 


iiu*  £A  duf  Stif 

J _ i—  -L.  2<#ai'  =  — •  — 

~  r  '  r  d0 

da^  w,S».  d». 

“'r-dT+T  "Br— 

I 

“  r«*  * 


(9-1) 


Differential  equation  of  continuity  for  a  steady  relative  flow  has  the  form: 

(9-2) 


df  r  09  ^  di 

Slyatem  of  equations  of  notion  (l-17a)  and  (1-14)  or  (9-1)  and  (9*^)  is 

supplemanted  by  conservation  of  ener|^  and  isentroplc  process  equations.  The  system 

of  equations  determining  the  thme-dloensional  steady  motion  of  an  ideal  ooeq>re8S- 

ibla  fluid  in  a  turbomaohins  stage  is  closed. 

Ws  tium  now  to  the  derivation  of  equation  of  energy  for  stream  of  gas  in  the 

flow  part  of  stage*  The  equation  of  energy  can  be  written  in  parameters  of  absolute 

or  relative  motion.  In  first  case  in  equation  of  energy  there  are  introduced  terms, 

uonsiderlng  the  energy  exchange  between  flow  and  the  environment.  In  second  case 

(for  a  relative  flow)  it  is  neoeosary  to  consider  additional  forces,  the  introduction 

of  which  makes  it  possible  to  consider  the  relative  motion  as  if  it  were  absolute. 

Such  additional  forces  arc  the  Coriolis  force  of  inertia  and  centrifugal  force. 

The  equation  of  energy  for  absolute  flow  we  shall  write  in  the  form  of  the 

first  law  of  thermodynamics.  Taking  into  account  the  assumptions  made  we  obtain: 

di-^cdc—gdL^—O.  (9^3) 

Here  L  J.s  the  work  being  done  by  the  gas. 

T 

The  magnitude  Ij,  can  be  determined  by  moans  of  the  equation  of  moewnts  of 
moaentum.  Moment  of  forces  acting  on  the  moving  blades  during  a  ateady  motion 


trill  be: 


{c,cosa,r,-c,cosa,r,), 


trhere  G  is  the  flow  of  gaa  through  the  row  per  second. 

Hiltlplylng  by  angular  ualooity  of  rotation  of  roK  u  ,  «a  .hall  find  tha 
work  or  po»r  par  aaoonrt  which  th.  Mado.  ewchungo  with  tho  ga.  flow* 

(c^t^cus —  c\//t  cos  3,), 


Coowquant],,  th.  work  relating  to  wight  of  flowing  ga.  1.  .,„al  to* 

— '•i"'*'  (9-4) 

Bqaatlon  (9-4)  wa.  obtaln.d  hf  Eular.  In  diffarontial  fom,  th.  Eul.r  .,^tlon 

Sine,  in  a  turbln.  th.  ga.  parfom.  work.  th.n  along  atrau  of  al-jaalut.  flow 

d(o^^u)<0.  For  a  o<»pr...or  ataga  «cpr...lon  of  th.  axtMnal  work  la  analogou.,  but 
In  thla  caaa  d(o„o)>0.  u.mg  .upraa.ion.  (9.3)  (,.5),  „ 

dlffarantui  aquation  of  «iargir  for  tha  flow  in  abaolut.  notion: 

di  -i^cdc-d  (cji)  =  0.  (9«6) 

In  accordance  with  the  Uw  of  conservation  of  energy  the  change  of  kinetic 
and  Intamal  onargjr  of  ga.  In  th.  ralatiw  notion  i.  aqua!  to  th.  nn,unt  of  auppliad 
(or  diaartad)  haat  and  to  work  of  actual  and  ..oondarjr  fore.  Sine.  th.  OorioU. 
fora,  of  inarti.  i.  dir.ot«l  nomal  to  ani.  of  atrau.  in  th.  ralativ.  notion  (to 
▼ector  w),  then  the  work  of  this  force  is  equal  to  aero. 

Thus,  of  the  ntimber  of  secondary  forces  in  tho  equation  of  energy  for  a  flow 

of  gas  in  relative  motion,  it  is  necessary  to  introduce  the  centrifugal  force. 

directed  along  a  radius  normal  to  axis  of  rotation.  In  the  particular  case  of  an 

«d.l  .tag.,  th.  vactor  of  c.ntrtfug.1  fore.  i.  nornal  to  lino,  of  flow.  „,d  work  of 
centrifugal  forces  also  is  equal  to  aero. 

Ikiuatlon  of  .n.rgy  for  a  flow  in  ralatlw  notion  i.  obtalnad  on  th.  ba.i.  of 
first  law  of  thamodynamics  (9~3). 
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1 4*  —const. 


2  2  2  2 

Considering  that  o  *■  e  +  e  +  e  and  using  the  connection  betiraen 

r  a  u 

absolute  and  relative  velocities,  m  transform  expression  (9*^).  Ms  obtain; 

dl  4"  tedw  —  utlu  =  0.  (9-7) 

The  Integration  of  equation  of  energy  (9-6)  for  a  flow  in  absolute  motion 
gives: 

The  Integral  of  equation  of  energy  of  flow  in  a  relative  motion  (9-7)  is  equal  to: 

(9-9) 

The  transition  from  equation  (9-d)  to  equatlMi  (9-9)i  obviousjly,  is  made  by 
means  of  formula  (Pig.  9-2, b) 

The  obtained  equations  for  the  relative  motion  can  be  used  for  calculating 
the  stage  of  not  only  a  turbine,  but  also  of  other  turbooiachinos  (compressor,  fan). 

I 

The  direction  of  the  energy  exchange  (removal  or  supply  of  mechanical  wor|c)  is 

/ 

not  important.  This  remark  is  entirely  valid  only  on  the  assumption  of  ah  Isentroplo 
flow  in  a  turbomachine  stage.  Under  actual  conditions  the  motion  of  the  gas  is 
aoconpanled  by  losses.  The  direction  of  the  energy  exchange  considerably  affects 
structure  of  flow  (the  nature  of  diatributlon  of  parameters  in  flow  part)  and, 
consequently,  the  efficiency  of  the  stage. 

In  the  absence  of  losses,  the  change  of  state  of  gas  in  the  absolute  and 
relative  motion  ie  subject  to  the  isentroplc  law,  tdiloh  for  an  ideal  gas  can  be 
represented  by  formula  pY  ■*  const. 

In  this  case,  integrals  of  equations  of  monentum  and  energy  coincide.  Indeed, 
for  a  one-dimensional  flow  in  the  absolute  motion  the  equation  of  mco^ntum  has 

t 

\  (Ml) 

Considering  relative  motion  of  gas  in  the  etage  as  steady,  we  ehdll  write  the 

i 

equation  of  monentum  in  such  a  form: 

—  r»’‘cw(r^x)itx~0. 


1.  ^ 


wtiare  ri»*cos(r .v)</.v  ia  the  impulse  of  centrifugal  forces. 


Since  rm  ^  /i.  then 


iri/oa  —  uiiiu"  0. 


•  '  (9-12) 

Integrals  of  equations  (9-11)  and  (9-12)  coincide  with  equations  (9-S)  and  (9-9) i 
if  di^dplf,  idiich  corresponds  to  an  isentroplc  process. 

Equations  of  nonentum  for  absolute  and  relati.ve  motions  taking  Into  account 
losses  can  be  obtained  by  Introducing  in  (9-11)  and  (9-12)  the  Impulse  of  forces 
of  friction}  in  this  case  1*  c  and  w  also  are  parameters  of  the  actual  flow. 

In  investigating  a  stage  within  frameworks  of  a  simplified  onenilnensional 
diagram  of  the  flow  there  la  used  equation  of  continuity: 

m  ==  FjfC  =  s=  == 

where  F^--area  of  aeotlont  normal  to  vector  of  speed  c; 

Fy— area  seetlonf  normal  to  vector  of  relative  speed  w; 
q^and  q^-- are  the  reduced  flows  dwing  absolute  and  relative  motions. 

From  the  equation  of  continuity  we  find: 

F*  u  ®.i> 

■.  S3S3  sssa  I 

where  p^,  a^,  c^^are  the  critical  densities  and  speeds  for  absolute  and  relative 

flows. 

Obviously,  the  static  parameters  p,  p,  T  both  in  the  absolute  and  also  in  the 
relative  motions  are  identical. 

The  actual  process  of  motion  of  gas  in  flow  part  of  stage  has  a  number 
of  peculiarities  not  considered  by  the  above  derived  equations.  Thus,  the  flow 
of  gas  in  the  clearance  between  guide  and  moving  rows  possesses  nonunifoimity. 

In  the  moving  channels,  receiving  the  flow  from  the  clearance,  flow  of  gas  ttirns 
out  to  be  periodically  non-statlonary,  with  continuous  pulsation  of  the  spceda  and 
pressures.. 

In  addition,  the  flow  realizes  a  heat  exchange  with  the  environment  in  connection 
with  unproductive  losses  of  heat  and  owing  to  the  arrauiged  artificial  cool! eg  of 
bla'  «s  subjected  to  high  loads.  In  equation  of  energy  this  peculiarity  cae  be 
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oonaid«r«d  by  tho  introduoiion  of  an  appropriate  term  which  takes  into  account 
the  external  heat  exchange. 

In  the  motion  In  the  flow  part,  the  main  flow  branches;  a  certain  quantity  of 
gas,  unpasslng  through  the  moving  row,  flows  into  clearances  between  stator  and  rotor. 
Depending  upon  distribution  of  the  pressures  in  flow  part  there  may  occur  a  suction 
of  the  gas  through  the  oLsarances  into  main  flow. 

Thus,  in  the  general  case,  the  flow  of  gas  in  a  stage  Is  subjected  to  different 
external  effects  exerting  an  influence  on  process  of  conversion  of  energy.  An 
evaluation  of  these  influences  Is  made  on  the  basis  of  experimental  data. 

9-2.  farameters  of  Flow  in  Absolute  and  Relative  Motions. 
dne-dimensional  Flow  Diagram. 

The  magnitude  of  the  right-hand  constant  in  energy  equations  (9-B)  and  (9-9) 

^  — +  — const  (9-13) 

can  be  determined  from  boundary  conditions* 

In  calculating  the  stage  of  a  turbine  usually  there  are  known  the  parameters 
of  flow  at  entry  to  rotor  wheel.  For  the  entry  we  have: 

®i  . 

-3 —  tf ,  -f-  /,  =  ~~ —  const. 

Designating,  as  before, 

(9-U) 

where  l^is  the  enthalpy  of  a  total  laentroplo  stagnation  in  an  arbitrary  aectlon 
of  flow  in  absolute  motion,  we  write  (9-13)  as 


'0ei  ~~ 


(9-15) 


or  for  a  perfect  gaa: 


c* 

sr- 


(9-15a) 


where  1  T  are  the  enthalpy  and  temperature  of  the  isentropio  stagnation 
ool  ocl 

at  entry  into  rotor  wheel  in  the  absolute  motion. 


On  the  other  hand,  during  total  Isentroplc  stagnation  of  flow  in 


r«lAtlv«  motion,  ita  kinetic  energy  reversibly  changes  Into  heat.  The  enthalpy 


of  stagnation  is  determined  by  the  obvious  equation 

Consequently,  equation  of  energy  acquires  the  form: 

idiere  1^^^  is  the  enthalpy  of  total  stagnation  of  relative  flow  at  entry  to  rotor 
wheel. 

Let  us  note  that  If  the  flow  at  entry  is  not  swirling  and  ■■  0,  then  from 
(9-15)  it  follows 


Such  a  ease  can  take  place  only  for  a  purely  reaction  stage  or  for  a  centrifugal 
ecmpresaor  stage. 

Taking  into  account  expressions  (9-14)  and  (9-16)  equation  (9-13)  can  be 


written  as: 


(9-18) 


The  connection  between  i  ,1  ,1  and  1  can  be  presented  in  the  form: 

OOl  owl  00  ow 


Cl  *=<0.1  “~ 


(9-19) 


2 


(9-19a) 


Correspondingly  we  obtain  dependence  between  temperatures  of  stagnation  in 


absolute  and  relative  flows: 


*0.  ^  • 


l»'  -  •»* 


(9-20) 


Equation  (9-20)  shows  that  temperature  of  stagnation  in  the  general 


case  Is  variable  along  the  stream  not  only  for  the  absolute,  but  also  for 


relative  motion.  Wit  ehall  present  (9-20)  in  a  somewhat  different  form: 

f —  *= »  —  — ! 


(9-20a) 


(9.iJCIb) 
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The  difference  between  temperatiiree  of  etagnatlon 


— w*  {2c,  — «)« 

- —2i~‘ 


^2<,"  *  (V-21) 

From  equation  (9-20a)  it  foUom  that  temperature  of  stagnation  of  relative 


flow  changes  corresponding  to  a  change  of  peripheral  speed  along  the  tube  of  flow. 

At  u  »  consti  temperature  Ijl^^ljs  constant.  On  this  basis  it  may  be  concluded  that 

the  temperature  of  stagnation  is  oonstajnt  in  a  stage  with  an  axial  flow  of  gas. 

In  a  radial  stage  T  along  the  tube  of  flow  changes.  Zf  in  such  a  stage  the 

ow 

flow  is  directed  from  the  axis  of  rotation  to  the  perlpher/i  then  Increases. 

In  the  ease  when  flow  moves  towards  the  axis  of  rotation.  T  decreases . 

ow 

The  obtained  result  has  a  simple  physical  explanation. 

The  total  energy  of  the  relative  flow,  proportional  to  T^^  varies  owing  to 

the  work  of  centrifugal  forces,  Into  the  field  of  which  the  gas  moves.  If  the 

radial  components  of  the  speed  are  not  equal  to  sero  (c  ■■  w  0)  and  stream  of 

r  r 

gas  moves  not  only  along  axis  of  rotation,  but  also  radially,  then  centrifugal 
forces  perform  the  work  of  displacing  the  particles  in  a  radial  direction  and  increase 
or  decrease  the  total  energy  of  particle  depending  upon  direction  of  flow.  If  the 
direction  of  relative  flow  coincides  with  direction  of  the  centrifugal  forces 
(radial  stage  with  flow  of  gas  towards  periphery),  then  T^^  increases.  Otherwise 
(radial  stage  with  flow  of  gas  towards  axis  of  rotation)  the  total  energy  deoreasea. 

Formula  (9**20b)  shows  that  temperature  of  stfignation  In  the  absolute  motion 
In  all  oases  dlmlnlshss.  From  a  consideration  of  tha  principle  of  operation  of  a 
turbine  stage  It  follows  that  in  arbitrary  ssct.ion  of  a  tube  of  flow 
and  diminishes  along  tha  direction  of  flow,  since  gas  performs  woxk  i.n  rotating 
the  wheel. 

In  the  compressor  stage,  conversely,  c^uXTuiUi  and  increases  In  the  direction 
of  flow,  since  work  is  supplied  to  the  gas. 

Ms  now  turn  to  equation  of  energy  (9-313).  We  note  that  the  magnitude  of  the 
constant  on  the  right-hand  side  of  equation  (9-13)  is  different  for  different  streams. 


ainco  e  u  nay  chanca  during  transition  from  ona  stream  to  another.  Hence,  we 
u.l  1 

oonelude  that,  strictly  speaking,  the  equation  of  energy  must  be  used  individually 
for  each  stream.  For  the  channel  as  a  «d\ole,  equation  (9’'13}  can  be  used,  if  all 
the  magnitudes  entering  into  this  aquation  are  calculated  as  averages  along 
the  section  of  channel. 

To  the  equation  of  energy  in  a  relative  motion  it  is  possible  to  ascribe  the 
well-known  form,  replacing  1  by  the  formula 


then  according  to  equation  (9''l6) 


.  *  F 

WT 


or 


(9^2a) 


where  ,  are  the  pressure,  density  and  speed  of  soimd  In  an  isentropioally 

stagnated  relative  flow. 

We  emphasise  once  again  that  the  speed  of  sound  and  static  parameters  of  the 
flow  pi  f  and  T  for  absolute  and  relative  notions  have  one  and  the  same  magnitude. 

The  speed  of  sound  of  a  stagnated  relative  flow  changes  along  the  stream  in 
accordance  with  change  of  enthalpy  i^^.  With  any  changes  i^^  along  stream  the  sum 
of  the  kinetic  and  potential  energy  of  relative  flow  in  given  section  by  eq^uatlon 
(9-16)  is  equal  to  i^.  In  a  particular  ease,  the  speed  of  relative  flow  in  a 
certain  section  can  attain  the  local  speed  of  sound;  then 

Prom  equations  (9-16)  there  can  be  obtained  value  on  right-hand  side  o:’  the 
equation  of  energy  in  the  form: 

•r-+^— x-iS-  (f-azb) 

After  equating  right-hand  side  of  equations  (9-22),  (9-22a)  and  (9-22b),  we 

-  *-i  “T-  iirr- izr 7“”== 


r* 


^5 


obtain: 


Analogous  transfonaatlons  for  a  flow  in  abaoluta  motion  rosulta  in  tha 

ralatlonahip  ,  , 

,  ^  •le  *+i  *  „ 

■=  ^#^0* « irr  "“i“  7i=^r  " 


-I 


"By  maana  of  thasa  ralatlonahlpa  it  la  aimpla  to  obtain  an  axprassion  for  the 
oharaoterlatlo  speeds  a^  j  ^max*  example ,  for  ralativa 
flow  wa  find: 

"  r{«?-«*)]*  (9^3) 


2*  ftK» 

HT  fpm 


Por  an  abaoluta  flow 


___ 

Trr‘i^- 


/ 


2irir 

*+«l 


o#l 


-(c«, 


(9-24) 


Prom  aquation  (9-24)  It  follows  that  oharactaristlos  of  tha  absolute  flow, 

depending  on  sMignituda  of  total  energy  1^  (from  parameters  of  stagnation),  change 

along  the  tube  of  flow.  Consequently,  a^,  ®a*x*  **“*  *^oo  variable  magnitudes 

for  a  stream  of  gas  in  the  absolute  motion. 

In  tha  relative  motion  the  oritloal  and  maximum  speeds  may  ohange  or  remain 

constant  depending  upon  whether  or  not  the  peripheral  speed  u  changes.  If  along 

the  stream  u  "•  const  (stage  with  axial  flow),  than  1  »  const,  and  correspondingly 

ow 

a  *■  const  and  w  ■■  const.  With  a  variable  peripheral  speed  along  stream  these 
vw  max 

basic  characteristics  of  the  flow  of  gae  change  according  to  the  change  in  u. 

Equation  (9-21)  makes  it  possible  to  establish  a  connection  between  temperatures 

of  stagnation  in  relative  and  absolute  flows  in  following  form: 

«)« 

After  substituting 

=3  c»-f 


KUR 


obtain: 


r.  .  ‘‘J 

After  aubatituting  (aea,  for  example,  trianglea  of  apeeda  in  (Pig.  9-2, b)) 

^  +  V7  j  -  2  T7 (9-26) 
equation  (9-25)  ia  tranaformed  to  the  form: 

^  =  =  (9-25.) 


Where  u 


JL.. 

®  ®»ax 

Equation  (9-25*)  ahcwa  that  along  the  atream  ratio  of  the  teoperaturea  of 


atagnation  changes.  At  u  -  0  and  u  -  2c^  the  ratio  -  i.  The  flrat  case 

oorreaponda  to  a  atationary  wheel  (u  «  0),  when  mechanical  work  by  the  gaa  i.a  not 
dona  (o^u  -  0).  Second  value  u  deUwdnea  that  aection  of  the  atream,  in  which 
temperature  of  atagnation  in  the  abaolute  and  relative  motions  are  identical. 

The  dimenaionleaa  apeeds  Af„  A/,,  and  x^  are  aaaoclatea  with  the  temperature 
of  atagnation  in  a  given  aection  by  well  known  relationahips  (Chapter  2); 

for  a  reUtive  flow  .  ; 

^00  til  4—1  _  I 

/  (9-27) 

for  an  absolute  flow 


*0*^  — .  I  J  ^  J  a #2 


I  ‘-"Hi* 

Hence,  by  well-known  formulas  of  the  isentropic  process: 

s '  t 

kSnri  o  /T 

'  at  cetera. 


(9-28) 


-  r  ^  ^ 

there  can  be  obtained  a  connection  between  and  i  and  i  af/. 

p  »•  p  f  0“0. 

8y  means  of  equations  (9-^7)  and  (9-28)  it  is  possible  also  to  obtain  a 


flows: 


(?-29) 

* 

fw  [jot  J 

( ?-30) 
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<fer 


(9-31) 


Taking  into  account  eaqjreseion  (9-25a),  we  express  the  ratio  P^y/Poc  In  the 


form: 


(9-32) 


By  means  of  equation  (9-20)  there  is  readily  obtained  a  relationship  between 


parameters  of  total  stagnation  at  entry  and  at  exit  of  wheel. 
For  a  relative  flow  we  obtain  [see  formula  (9-20a)] 

where 


(9-33) 


“.•I  «...  • 

Correspondingly  for  the  absolute  flow  [see  formula  (9-20b)] 

•  «#!  "aifl  *d#l  •• 


where 


*(v5" 


r„, 


Ms  shall  express  i  by  o  then 

OCX  BkAXl 


(9-34) 

(9-35) 


(9-36) 


(9-37) 


(9-38) 


(9-39) 

Into  formulas  (9-27) — (9-39)  enter  the  dimensionless  speeds  of  the  absolute 


and  relative  flows.  The  connection  between  and  is  expressed  as: 


From  the  equation 


ws  find: 


•!«« 


(9-40) 


(9-U) 


*  fW 


94fl 


(9-42) 


where  u 


*c 


u 

A»c 


The  laat  equation  shows  that  the  ratio  of  temperatures  of  stagnation  T  /T 

ow  oe 

nerves  as  the  conversion  factor  from  an  absolute  flow  to  a  relative.  This  magnitude 

^ow 

varies  along  the  stream.  At  the  entry  and  at  exit  of  rotor  wheel  — for  a  given 

"^oc 

pattern  acquires  definite  values. 

The  basic  gas>dynamlos  relationships  presented  above  are  valid  both  for  axj.al 
and  also  for  radial  stages  of  a  turbomachlns . 

Practical  calculations  show  that  influence  of  the  centrifugal  effect  In  the 
axial  stage  is  small.*  This  conclusion  is  readily  reached  by  means  of  equation 
(9-33),  from  which  it  follows  that  if  the  ratio  differs  little  from  unity, 

then  a  change  In  the  temperature  of  stagnation  of  the  relative  flow  Is  negligible. 
Only  with  a  significant  change  in  the  peripheral  speed  along  tube  of  flow,  as, 
for  example,  takes  place  in  a  centrifugal  compressor  or  radial  turbine  stage  the 
influence  of  Indicated  effect  will  be  significant. 

For  an  ordinary  turbine  radial  stages  the  ratio  of  the  peripheral  speeds  u^/u^ 
fluctuates  between  l.CS  and  1.10.  On  the  basis  of  Fig.  9*'7  ve  conclude  that  for 


•Here  there  are  not  considered  the  influence  of  centrifugal  forces  on  boundary 
layer  in  the  vane  channels  and  also  other  peculiarities  of  a  three-dijnensidiial  flow 
of  a  viscous  fluid  in  a  stags  with  radial  speed  components. 
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u  /u  “  the  relative  change  in  temperatiuro  of  stagnation  T  at  u  ”  0.3  to 

2  1  ow  ewl 

0*5  emocnts  to  0.25K).7CI^  l.e«,it  is  smaU... 

Me  shall  Illustrate  the  change  of  state  of  gas  along  stream  In  thermal  diagram 

taking  into  account  losses  of  energy  in  elements  of  the  turbine  stage.  Parameters 

of  the  total  stagnation  at  entry  In  the  guide  row^  we  find  at  point  0  (Fig.  9-B): 

p  and  1  .  The  corresponding  static  parameters  are  r* jtermlned  by  point  0  ' . 

Oc  Ocl  1 

If  wo  designate  the  static  pressvcre  after  guide  row  p^,  then  point  1'  fixes  state 
of  gas  during  isentropic  expansion,  and  point  1  shows  the  actual  state  of  flow 
(taking  into  account  losses).  The  loss  of  energy  Is  expressed  by  the  sector  1-1'. 
Pressure  of  stagnation  of  the  absolute  flow  aftsi  the  guide  row  will  be  p 

ocl 

(enthalpy  of  stagnation  remains  constant).  The  difference  p^  -  p^^  is  equivalent 
to  the  losses  of  energy 

The  loss  factor  In  guide  row  is  equal  to:  ^  ^ 

where  1,  is  the  dimensionless  speed,  equivalent  to  an  isentropic  differential 
in  heat  in  tl/e  stage  H^. 

The  dlffez*ence  between  enthalpies  in  the  absolute  and  relative  flows  is  deter¬ 
mined  by  equation  (9-19).  ilotting  the  magnitude  i^^^  -  i^^^  from  point  0‘  on 
line  1^^  »  const,  we  find  point  2,  which  determines  state  of  stagnated  relative 
flow  at  entry  to  rotor  wheel. 

In  the  moving  channels  as  a  result  of  losses,  part  of  the  kinetic  energy 
irreversibly  changes  into  heat.  As  a  result  the  pressure  of  stagnation  in  the 
relative  motion  falls.  If  along  the  stream  of  gas,  the  peripheral  speed  does 
not  change,  then  ne  corresponding  process  is  expressed  by  the  lino  2‘‘3(iQ^2.'^  const). 
W.th  an  increase  of  u  along  stream  (radial  flow  from  axis  of  rotation  to  periphery) 
increases  (dotted  line  2-3')*  E  decreases,  then  i^^  diminishes  (line  2-3"). 
static  parameters  at  exit  of  moving  row  are  determined  ut  point  4,  where 

a»4 


the  sector  3-4'  (or  correspondingly  3 '-4'  and  3"-4')  is  equal  to 


2g 
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The  loss  factors  of  kinetic  energy  in  the  moving  row  will  be: 


The  fxcw  leaves  the  stage  tulth  a  certain  absolute  velocity  a^»  Part  of  kinetic 


energy,  equivalent  to  spaed  c^,  is  the  loss  (MJ. 
The  loss  factor  with  oxlt  velocity 


-  AA, _ 7^  Art _ f 


A>l 
*  1* 


i^ere  p  is  the  pressure  of  stagnation  of  absolute  flow  after  the  stage; 
Oo2 

p'^  Is  the  theoretical  pressure  of  stagnation  after  stage  (Fig.  9-S). 

/V 

// 

oAy  oyoy 


1  i 

« 

1 


Fig.  9>8.  Process  in  a  thermal  diagram  for  a  turbine  stage. 

As  ean  be  seen  from  formulas,  lose  factors  and  depend  in  Implicit 


form  on  since  on  this  magnitude  the  ratios  of  the  temperatures 


josi 


depend.  The  n]<'4gnitude  characterizing  the  loss  in  the  stationary  row,  also  depends 

U-i 

on  ;  with  a  change  of  the  M  and  Re  numbers  change  at  exit  of  the  gul Je  row, 
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In  th«  th«rmal  diagram  w«  plot  from  point  4'  upwards  the  magnitude  AA,; 
then  we  obtain  point  kf  characterizing  state  of  stagnated  absolute  flow  after  the 
stage.  Let  us  assume  that  all  kinetic  energ7  of  the  absolute  flow  after  the  stage 
Irreversibly  changes  into  heat;  then  on  isobar  p^  at  point  5  there  is  determined 
the  state  of  gas  after  the  stage  (process  of  stagnation  after  stage  is  assumed 
isobaric). 

We  introduce  now  the  concept  of  degree  of  reaction.  The  degree  of  reaction  is 
the  ratio  of  the  available  thermal  differential  in  moving  row  to  the  total  available 
thermal  differential  in  the  stage.  Consequently,  the  degree  of  reaction  indicates 
that  part  of  the  available  potential  energy  of  gas  (heat)  vdiich  will  be  converted 
into  mechanical  work  directly  in  the  moving  row  (on  wheel). 


By  definition  (Fig.  9-8) 


* 


’Oel 


^0.1 


where  h^  is  the  isentroplo  available  thermal  differential  in  moving  row. 
The  formula  for  the  degree  of  reaction  can  be  converted  to  the  form: 


It  follows  from  this  that  for  an  axial  stage  ( 


T0w2 

'"Owl 


“  1)  the  degree  of  reaction 


vanishes  at  i 


w2 


X  For  a  radial  stage  p  »  0  at 

V-V  r— 

From  this  formula  it  follows  that  the  stage  of  reaction  can  be  equal  to  sero 
with  the  motion  of  gas  in  a  radial  stage  from  the  axis  of  rotation  towards  periphery 
(«,>«,)’  at  motion  of  gas  towards  axis  of  rotation  P  —  0,  if 

The  actual  specific  work  developed  In  a  stage  for  any  degree  of  reaction  p 
can  be  calculated  by  the  formula 

==  = 


Hone©,  by  moans  of  equation  (9-36)  we  find; 

Atf  =  2igp,  . 

Then  the  offioioncy  of  tiie  stage  on  the  rim  can  be  found  by  the  formula 


IhL 

H 

0 


After  substituting  here  the  values  AL^  and  H^,  wo  obtain; 


From  the  formula  it  is  clear  that  even  in  the  case,  when  energy  losses  in 
the  guide  and  moving  rows  are  absent  (  C,  -  C,  0),  the  efficiency  of  stage  on 
the  rim  is  equal  to  sero  at  = 

Formula  (9*’37)  shows  that  such  a  condition  is  fulfilled,  if 

It  is  obvious  that  in  this  case,  flow  of  gas  in  the  stage  does  not  perform 
%fork.  The  magnitude  also  for  a  stationary  wheel  (u^  “  "»  0).  The 

maximum  value  of  oorrosponds  to 

It  is  readily  seen  that  In  the  considered  case 

=  0,  or  = 0  («,  0). 

From  the  triangles  of  speeds  It  may  be  concluded,  that  In  this  connection  the 
exit  losses  are  minimal,  since  at  c^  »  0  ^anis* 

9-3 •  Rquatlono  for  Calculating  the  Distribution  of  Flow 
Parameters  along  a  Radius  within  the  Scope  of  Flow  Theory*. 


Ws  now  consider  the  flow  of  gas  through  an  axial  turbomachine  stage.  Vlts  select 
three  control  sections;  0-0— before  guide  row,  1-1 — between  guide  and  moving  rows, 
and  2-2— after  moving  row. 

Ms  shall  find  the  dietributlon  of  flow  parameters  along  radius  in  the  two 
Control  sections  (1-1  and  2-2),  if  there  are  known:  the  distribution  of  piramstsrs 
in  section  0-0,  pressure  of  gas  on  root  or  avsrago  radius  of  section  2-2,  .{oooetric 
dlinonsions  of  stage,  number  of  rotations  of  turbine  rotor  and  the  aerodynanio 
characteristics  of  the  rows. 

•Questions  dinoussed  in  this  section  have  hxien  worked  out  in  collaboi  .itlon 
wi.th  G.  S.  Samoyloviah. 
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Pig.  9-9.  Diagram  of  flow  part  of 
■taga  with  long  bladaa. 

By  conaldorlng  difficulties  connected  with  an  investigation  of  a  three- 
dimensional  flow  of  a  compressible  fluid,  it  is  possible  in  first  approximation 
to  consider  a  simplified  axially  symmetric  diagram  of  flow  in  a  turbomachlno  stage. 

Thus,  If  it  is  assumed  that  the  flow  in  the  stage  is  steady  and  axially  sym¬ 
metric  (d/d9:;-0),  while  the  radial  oooponente  of  the  speed  =  and  also  their 
/dc  9c  dtt*  \ 

derlvatlTee  are  extremely  small,  then  equations  (l-17a}  and 

(9-1)  are  siapllfled  and  aoqvdxe  the  form  0); 

72Rr  r  *  ’'•dt 

Li?. 

rfx  ““  t  di’ 

^ =  tt'. 

imf  lii 

d*’“~' t  dx’ 

The  first  equation  (9-43)  expresses  the  condition  of  radial  equilibrium  of 
a  particle  of  gas,  with  which  centrifugal  forces  on  any  of  the  coaxial  cylindrical 
surfaces  ai^  balanced  by  forces  of  static  pressure  of  gas.  Thus,  according  to 
designations  in  Fig.  9-9  for  a  unit  of  length  of  the  clearance  (section  l-l)  it 
is  possible  to  write  out:  2nrdp%-2:irdr and  to  obtain  from  it  the  first 
equation  (9-43). 

The  second  equation  (9-43)  expresses  condition  of  invariablility  of  along 
the  axis  of  stage.  From  the  third  equation  there  is  readily  obtained  dcjdz=0 


at  dpldz=Q,  i.e.  if  pressure  along  the  axis  does  not  change,  then  the  axial 
components  of  the  speed  also  remain  constant. 

The  flow  conforms  with  the  adopted  assumptions  to  a  maximum  degree  in  control 
sections  1~1  and  2~2;  the  motion  in  the  Intervane  channels  is  not  subject  to 
such  simplified  law-governed  principles. 

Ms  introduce  in  addition  a  number  of  simplifications.  Ws  shall  disregard 
periodic  non-statlonarlness  of  the  flow,  caused  by  the  rotation  of  rotor  wheel 
or,  more  precisely,  we  believe  that  a  consideration  of  averaged  speeds  by  time 
also  introduces  no  significant  error.  Ws  assume  also  that  after  a  rearrangement 
the  flow  in  control  sections  moves  along  cylindrical  surfaces  (i.e.  radius  of 
curvature  of  meridian  section  of  surface  of  flow  R  in  Fig.  9-9  is  fairly  large). 

Ms  assume  tha  an  external  and  an  Internal  heat  exchange  is  lacking  and  the  rows 
of  tho  stage  are  flowed  around  continuously. 


We  shall  consider  the  flow  after  the  gidda  roK.  Ws  shall  use  the  simplified 
equation  of  radial  equilibrium  (9-43),  after  writing  it  out  in  the  following  form: 


for  the  section  0-0 

i. ten- **“**••  . 

P*  «  r  • 

(9-43a) 

for  section  1-1 

f 

A.  P*.  Pk>  Pn  C*.  C^,  a, 

1  rfg,  cjcoi'a, 

Ulr~  f  ’ 

(9-43b) 

are  the  pressures, 

densities,  speeds  and  angles 

of  flow  before  and  after  the  guide  row. 

Ws  asaume  that  the  function 

ai-ai(r)  is  known. 

The  form  of  this  function 

is  detsmdnod  by  the  law  of  torque  of  guide  vanes.  It  is  obvious  that  a  f  low  of 
gas  has  to  satisfy  equations  of  energy  and  continuity.  For  each  eleinentar;'  annular 
stream,  flowing  through  guide  row,  equation  of  energy  can  be  written  out  :.n  such 


wharei 


-enthalpy  of  stagnation  in  clearance; 
e.»  l..|  i  >~are  the  speeds  and  enthalpy  of  gas  at  the  termination  of  the 
Isentropic  and  actual  processes  of  expansion  in  the  guide  row; 
^,~l8  the  efficiency  of  the  guide  row  (approximately  determined  as 
=  ). 


Ms  shall  differentiate  equation  (9-45)  vrith  respect  to  the  radius  r: 


di 


It 


dtu  .  I 


(9-46) 


The  derivative  describes  the  change  in  enthalpy  of  flow  in  the  clearance 
dr 


after  guide  row  along  the  radius  and,  as  is  known,  can  be  written  as: 

dr- tudr-fut*  '9-471 

Here  p|,  is  the  density  of  gas  at  the  termination  of  leentropic  expansion  in 

guide  row;  P\  is  the  density  of  the  gas  at  the  termlr:ation  of  actual  expansion  $.n 
the  presence  of  losses). 


The  ratio  of  the  densities  can  be  expressed  by  the  formula 

Pi  /.  A  —  I 

'  m. 


(9-4S) 


idiere  is  the  theoretical  dimensionless  speed  after  the  guide  row. 

Consequently,  the  derivative 

— V  LiE} 

dr  '•f,  dr  ’ 


or  taking  into  account  (9-43b) 

(9-W) 

Qy  substituting  (9-49)  in  equation  of  energy  (9-46),  we  obtain  a  differential 
equation  of  distribution  of  absolute  velocities  along  the  radius  in  the  clearance: 


5y“T  r 


I  dr„  1  di,[ 


dr) 


0, 


(9-50) 


2t„  dr  2**1 

Where  =  c]  /2i],  is  the  available  thermal  differential  in  guide  row  in  a  given 
section  along  the  radius. 

Integrating  equation  (9-50),  wo  find: 

(9-51) 


rrt* 


wh«ro  is  a  constant,  corresponding  to  initial  ^average  or  root)  section. 

Equation  (9-5l)vfithln  the  scope  of  the  considered  flow  problom  is  the  most 
general. 

From  (9-43)  it  follows  that  at  subsonic  speeds  and  moderate  losses  in  the 
guide  row  the  ratio  of  the  densities  Pi/pn  Is  close  to  unity.  Calculations  make 
it  possible  to  establish  that  range  of  values  of  and  in  which  it  is  possible 
to  take'  Vfithout  significant  error,  such  a  simplification  is  admissible  at 

kt  supersonic  speeds  function  should  be  retained  in  equation  (9-$0).  However, 
in  certain  cases  it  is  possible  to  use  simplified  relationships  y.e(K'  ^>i)> 
and  with  a  slight  change  in  and  i|,  along  radius  is  assumed  for  each  sector 
as  constant*  eoalling  that  depends  on  and  <«),,  it  must  be  concluded  that 
in  an  accurate  calculation  of  a  stage  at  supersonic  speeds,  the  method  of  successive 
approximations  becomes  inevitable. 

It  is  necessary  to  emphasise  also  that  the  effect  of  compressibility  indirectly 
Is  considered  in  equation  (9-51)  by  the  functions  a,  and  i)|.  Depending  upon  the 
number  the  losses  and  the  angle  of  exit  of  guide  row  vary.  Consequently,  the  form 
of  the  functions  and  a,(r)  depends  on  according  to  (9-51)  with  a  change 

of  these  functions  also  the  character  of  distribution  of  absolute  velocities  C|^(r) 
in  the  clearance  varies. 

It  is  necessary  also  to  note  that  equations  (9-50)  and  (9-51)  are  valid  for 
any  law  of  torque. 

Imt  us  turn  now  to  calculating  the  flow  after  the  moving  row.  Under  the 
above  made  assumptione,  condition  of  radial  equilibrium  in  section  2-2  la  e (pressed 
by  the  first  equation  (9-44): 

J.AF*  ^  —  -f-«*  __  III*  _  Cj  (Ol'  1,  y ,  ) 

where  />,  and  P,  are  the  pi'esaure  and  density,  and  r,  and  i,  are  the  speed  lad 
angle  of  flow  after  moving  blades  In  the  absolute  motion;  u  is  the  perlpheri.L  speed 
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on  currant  radius  r;  p,s=,p,(r)  lo  the  angle  of  exit  in  the  relative  motion 
vhioh  iB  a  given  function  of  the  radius;  W2  Is  the  relative  speed  after  the  moving 


ABBUme  further  that  the  radial  dislocation  of  the  flow  during  the  tranaltion 
from  control  section  1-1  into  the  control  section  2-2  will  be  small  (u^^ssu^)*  Then 
the  equation  of  energy  for  the  relative  flow  can  be  presented  in  the  well-known  form: 


where  w^  is  the  relative  velocity  at  entry  to  moving  row; 
i^  is  the  enthalpy  of  gas  before  moving  row; 

1;,  is  the  efficiency  of  moving  row  (  ); 

1  is  the  enthalpy  of  gas  after  a  moving  row  in  an  isentropic  process. 

The  theoretical  and  actual  speeds  after  the  row  are  associated  by  the  relationship 

It  is  obvious  that  i^^  «  i^^  (r)  and  W2*=W2(r)  are  the  functions  being  sought 

and  and  w  w  (r)  can  be  considered  as  the  given  functions  of  radius  r, 

1  1 

The  enthalpy  of  the  flow  after  the  guide  row  is  determined  by  the  equation  of 


energy: 


(» —  4"  X  • 


After  substitutiiog  i^  in  (9-53)  we  find; 


t-'  /  _  /  t  »  I  *1  •*! 

^7-1 - 2 - . 

After  differentiating  the  equation  of  energy,  we  obtain  (we  assume  di'/dr  >■  O): 


I  ®,  rf®,  wj  <fni  I  d  ^  4  •“  *4  \  A 

•7;-+i7  ST  “  2,v  ar  V — 2 — J  ^ 

Mb  substitute  in  equation  (9-5A) 

c*  —  w*  =  2mc,  cos  a,  —  M*. 

Me  use  the  equation  of  radial  equilibrium 

A  '  •iPj  ... CO.  s.  - 


i-  Vj Y  <«'. CO.  J,  - a)« 

d'’  h  df  - 7 - , 


(9-54) 


(9-55) 


(9-56) 


where 


Equations  (9-54),  (9-55)  and  (9-56)  we  solve  in  common.  After  certain  simpli- 


fioabions  we  obtain  the  sought  differential  equation: 


4f»,  . 

1  Xal.cos*?!  1  drit 

dr  » 

1 

1 

j 

i 

1 

•  cos  ?,a-,  i-  II,  0. 


(9-57) 

Equation  (9-57)  ie  nonlinear.  It  le  linearized  only  in  the  particular  case, 
when  d(c^^  r)/<ir  *»  0, 

Integrating  (9-57)  in  this  ease,  l.e.  taking  into  account 
wo  find: 

tt'.  =  ^f.exD  l\  r  ?«  _  ,L .  _■  2y  ^  ,  cos  p.)  Jr  I  , 

‘  '  (9-53) 


wiiere  K  is  a  constant,  determinate  for  the  iidtlal  (average  or  root)  section. 

dC 

The  condition  r)/dr  0  is  satisfied  strictly  with  a  torque  of  the  stage 

on  method  of  constant  circulation*.  Kowevor,  as  experience  shows,  this  condition 

is  realized  approximately  and  in  a  number  of  other  practically  important  oases. 

The  constant  K  and  K  in  equations  (9-51)  and  (9-53)  are  determined  if  there 
1  2 

are  known  the  speeds  and  w^  in  any  section  according  to  height  of  blades.  This 
problem  is  solved  by  using  the  equation  of  continuity  for  sections  1-1  and  2-2: 

0=2«go.^,P^„J^,sina,<^r;  (9.59) 


m 

r 


<7s=2itgc,^3P.^ 


(9-60) 


The  function  appearing  in  equation  (9-58)  in  simplified  eolutlons  may 
be  assumed  equal  to  Xn>  -  const  for  the  entire  stage  or  for  Individual  annular  flows**. 

It  must  be  also  noted  that  the  differential  equation  (9-57)  for  motionless 
moving  wheel  transforms  to  squation  (9-50). 


9-4.  Calculation  of  Flow  in  a  Stage  with  Long 
Blades  of  Constant  Profile, 

We  now  consider  a  stage  with  an  axial  flow  of  gas,  assuming  that  tie  flow 
*3ee  Sec.  9-5. 

*»The  flow  of  gas  in  the  stags  after  the  guide  and  moving  rows  is  whirJtd,  i.e. 
It  has  a  rjonunlform  field  of  speeds  both  in  the  absolute,  and  also  in  tha  relative 
motion,,  As  it  was  shown  In  Sec.  5-16,  in  such  flow  the  field  of  total  enersy  will 
be  lionunlform. 


at  antry  to  guide  row  has  a  uniform  field  of  speeds.  We  pose  the  following  problem: 
to  establish  distribution  of  parat^sters  In  the  clearance  and  after  moving  row 
along  the  radius ,  if  the  blades  have  a  constant  profile  by  height.  The  solution 
of  this  problem  allows,  In  addition,  obtaining  initial  data  for  calculating  a  stage 
with  blades  of  constant  profile  by  the  aerodynamic  characteristics  of  the  rows  and 
may  be  used  for  determining  that  limiting  state  of  radiating  rows  at  which  it  is 
possible  to  use  a  blade  of  constant  profile. 

The  calculation  of  stages  with  blades  of  constant  profile  can  be  made  by 
assuming  as  constant  the  angles  along  the  radius  oi  and  A  more  accurate  method 
of  calculating  discussed  below  consists  in  the  fact  that  the  angles  U|  and  P2 
are  given  as  functions  of  the  radius  r  .  This  method  is  expediently  used  in  those 
cases  when  the  fanwise  arrangement  of  the  stages  is  found  to  bo  significant. 
Numerous  experiments  show  that  the  angle  «,  can  be  expressed  depending 

a 

on  relative  spacing  or  radius  by  the  formula 

^  '  (9“6l) 

where 


•u*  "l« 


are  the  angles  of  flow  exit  in  the  apex  and  In  root  sections  respectively; 


F “  radius  of  root  section;  r  is  the  radius  of  flow  section; 


u.  2  ~j~  "h  b 


After  substituting  (9-61)  in  equation  (9-50)  and  integrating  the  latter  we  obtain: 

here 


fin 


'll 


■ 

'f 


T+t«i- 01‘  • 
*1  — 'awa,*). 


(9-63) 


For  detomination  of  speed  it  is  necessary  to  know  the  magnitude  of  c 
in  the  root  section.  For  this  purpose  wo  shall  transfer  the  equation  of  continuity 


(9-59) »  after  writing  it  out  for  sections  0-0  and  1-1: 


p  _ 


(9-64) 


where  e^,  ^  are  the  axial  components  of  the  speed  in  sections  0-0  and  1-1} 

is  the  relative  density  in  the  clearance. 

The  function  c  in  equation  (9-64)  can  be  determined  by  the  formula 

,  '.’‘tie... 


or  approximately 


(9-65) 


where  is  taken  according  to  formula  (9-61). 

The  above-presented  relationships  are  valid,  if  the  flow  in  clearance  is  subsonic 

With  mixed  flows  in  the  clearance,  when  in  lower  part  of  stage  (in  root  sections) 

Oj^>a^^,  formula  (9-62)  is  not  applicable.  In  this  case  it  is  necessary  to  consider 

the  deflection  of  flow  in  an  oblique  section  of  the  guide  row,  , 

Lot  us  turn  now  to  calculating  the  flow  after  the  stage.  Ke  shall  use  the  / 

fundamental  equation  (9-57)  and  will  integrate  it  at  ^  const  and  d(o  u)  »  0 

ul 

for  the  assumed  law  of  change  in  angles  along  the  radius 

■In  f, «  ■!«  +  —I?-.??-  (e  —  I )  (F—  I ). 


As  a  result  of  the  integration  we  find  the  approximate  expression 

(9-66) 

Here  w„,  is  the  value  of  w^  in  root  section; 

2k  2 

^  is  the  angle  of  vector  w^^; 

♦  -  6,  (8  _  I ))»};  rt,  .=  si  n  Ja*; 

.  1  I 

•s  --j-  A  sin  -Tf  (sin  -  tin  p^*)- 

With  the  known  values  vr ,  there  is  readily  detorminsd  the  available  thermal 

2 

differential  in  the  stage. 


Hy  iMans  of  the  derived  equations,  it  is  possible  to  calculate  the  distribution 
of  parameters  along  radius  in  cloaranca  and  after  stage  with  blade  of  coiiutant  profilo. 


Th«  available  thermal  differential  in  the  guide  row  according  to  (9<-62)  will 


V.  ^  r»‘  • 


(9-67) 


Wb  find  change  in  reaction  stage  along  the  radius: 


_£!**  I  t  ^0* 


*0lic  , 

where  fi  Is  the  stage  of  reaction  in  the  root  section* 


After  using  (9-67) i  we  obtain: 


where  7?,- jyr- 


(9-68) 


Hence  there  can  be  obtained  an  approxiiaate  formula  for  determining  the  reaction 
on  average  dlsneter  of  a  stage  with  nontwisted  blades,  by  proceeding  from  the  given 


value  r*  in  the  inltial>~root->section. 


Noting  that  7^  « e/e  —  I  and  assuming 


b^^  0,  from  formula  (9-68)  we  obtain: 

Formula  (9-69)  has  a  limited  area  of  application*  It  is  obvious  that  it  is 
valid  for  relatively  large  e,  since  only  in  this  case  difference  of  n,  for  the 
vertex  and  for  the  root  is  small  and  it  is  possible  to  assume  b^:^  0. 

Minimum  degree  of  reaction  in  mean  section  can  be  determined,  by  assuming  that 
in  the  root  section  Then,  from  (9-69)  ws  obtain: 

JL/i  .  f*-'  ®‘ 


or  approximately  (b^Ad  0) 


The  change  of  work  on  rim  along  radius  can  be  found  by  the  formula: 


*■1*  "j"  *•»* 


whore  ■-  w,  coi  h  —  u. 


The  function  r^i(r)  also  is  known.  Consequently,  magnitude  1^  (r)  is 


determined. 


cr*'^ 


The  field  of  axLal  components  of  the  speeds  after  the  stage  is  calculated  b;jr 

-  w«2Ta*?.  =  {c«J  + «)  ?. 


the  formulas: 


In  ounelusion  we  note  that  the  initial  formula  for  the  reaction  stage  (9"^) 
makes  it  possible  to  determine  difference  in  p  at  vertex  and  at  root  of  blade. 


Since 


>  e  +  i 
^“F:rT* 


then  after  substituting  in  (9''6S)  we  obtain: 

where  p,  is  the  stage  of  reaction  at  vertex. 

For  rough  calculations  it  is  possible  to  recommend  the  formula 

Using  the  obtained  relationships.  It  Is  possible  to  anal^^e  the  variation 
of  paraneters  along  radius  in  clearance  and  after  stage  and  to  evaluate  additional 
loases,  appearing  In  stage  with  blade  of  constant  profile. 


■V  ^  iff 


i__  J'J 

0  tT  *tz'~*6 


Fig.  9*10.  Comparison  between  experimental  and  oal» 
oulated  values  of  reaction  stage  in  different  sections 
along  radius  of  stage  with  blades  of  constant  profile; 
e  -  7.73i  Ho  -  0.65. 

KETt  a)  Calculation;  b)  Experiment;  c)  Root  section. 

Results  of  corresponding  calculations  show  that  additional  losses  in  the  stage 
with  nontwlsted  blades  are  caused  by  an  increase  of  exit  looses,  by  the  change  of 
angle  of  entry  of  flow  into  moving  row,  and  also  by  change  of  work  being  yielded  along 
the  radius.  After  the  stage  the  flow  is  vortical;  a  levelling-off  of  the  field  of 
speeds  is  acoompanied  by  losses  of  kinetic  energies,  wt»ich  must  be  include  1  in  the 
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tob*l  balance  of  loaaes  of  the  stage. 

Results  of  calculations  by  the  proposed  i&ethod  satisfactorily  agree  with  the 
experimental  data. 

Detailed  experimental  investigations  of  the  flow  in  the  clearance  and  after  a 
stage  with  cylindrica'  .^odes  were  made  at  the  Moscow  Power-Engineering  Institute 
(MEI)  at  6  •*  d/l  7  ••  The  calculation  of  the  experimental  stages  was  made  on 

basis  of  the  method  of  approximation  discussed  above*  Corresponding  curves  of  the 
change  of  reaction  along  radius  are  presented  in  Fig.  9‘*10*  The  comparison  shows 
satisfactory  convergence  of  the  experimental  and  calculated  values  of  the  reaction. 

The  experimental  and  calculated  values  of  the  angles,  pressures  and  speeds  also 
satisfactorily  agree. 

In  conclusion,  we  mention  that  at  large  9  the  change  in  the  angles  ai  and 
P2  along  the  radius  is  small.  j 

I 

The  calculation  of  the  speeds  c.  and  w^  in  such  stages  can  be  made  by  formulas, 

X  2  I 

which  readily  are  obtained  from  the  fundamental  equations  (9*‘^0)  and/ (9-57)  under 
the  following  assumptions;  iji  ■*  constj  tjj  •=  constj  ai  •=oonst  and  pjWonst. 

9-5.  Certain  Methods  of  Profiling  Long  Blades  of  Stages 
with  an  Axial  Flow  of  Gas 

Above-discussed  method  of  calculating  stages  with  blades  of  oonstamt  profile 
stakes  it  possible  to  evaluate  additional  losses  of  the  stages,  caused  by  a  variation 
of  the  parameters  and  angles  of  flow  along  radius  in  clearance  and  also  by  an  increase 
of  exit  losses. 

Results  of  such  calculation  are  presented  in  Fig.  9*'ll*  Here  there  are  given 
curves,  establishing  additional  losses  in  a  stage  with  blodes  of  constant  profile 
depending  on  0  d/l.  In  addition,  in  the  graphs  there  have  bean  plotted  the 
experimental  values  of  supplemental  losses  At  0<10  the  supplemental 

losses  exceed  liC.  Consequently,  in  such  stages  it  is  necessary  in  a  special  manner  to 
organise  the  flow,  assuring  minimal  losses  of  energy.  For  this  purpose  the  blades 
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of  the  guide  and  moving  rows  are  made  twisted  (helical)  with  a  profile  variable  with 
height. 

The  twist  of  the  blades  can  be  realized  b^  different  methods.  Initial  differ¬ 
ential  equation  of  the  distribution  of  speeds  in  the  clearance  (9-50)  has  Infinite 
number  of  solutions.  In  accordance  with  this  the  number  of  tftethods  of  twisting 
the  blades  theoretically  can  be  InfiniteJy  large.  However,  only  a  insignificant 
part  of  these  methods  corresponds  to  conditions  of  rational  arrangement  of  flow  in 
stage  of  t\u*bine.  For  this  reason,  and  also  remembering  that  equation  (9-50)  is 
approximate,  one  should  develop  those  methods  of  profiling  which  are  constructed 
on  clear  physical  premises. 

In  practice  of  turbine  construction,  the  following  are  the  most  widely  adopted 
methods  of  arranging  flow  in  clearance:  a)  constant  circulation  of  speed  with  a 
uniform  field  of  axial  speeds  ('Cuir=»  const);  b)  constant  direction  of 


Fig.  9''11*  Decrease  of  stage  efficiency  from 
non twisting  of  blades  depending  on  e  d/l; 
a  comparison  between  the  calculated  and  ex- 
perlmsntal  values  ai]^. . 

KEY:  a)  According  to  experiments  of  b)  V.  G. 

Tjrryshkln;  c)  A.  M.  Zavadovskiy;  d)  I,  I.  Kirillov. 

absolute  flow  along  radius  o|  const);  c)  special  selected  law  of  change  of 
direction  of  absolute  flow  [  a\^f{r)  ],  Including  guide  vanes  of  constant  jtrofile. 

The  arrangement  of  flow  after  moving  blade  is  realized  on  the  assuraptien:  a) 
of  a  uniform  field  of  absolute  velocities;  b)  of  the  constancy  of  work,  beitg 
developed  by  flow  in  different  sections  along  radius;  c)  of  the  constancy  oi  avail¬ 
able  thermal  differential  along  the  radius. 
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The  number  of  combinations  of  ariy  of  the  enumerated  methods  of  arranging  the 
flow  In  clearance  and  after  the  stage  is  limited  by  the  condition  of  continuity, 
associating  the  flew  in  these  sections. 

Ws  shall  consider  as  an  example  the  isentropic  flow  of  gas  in  a  stage  vd-th  a 
uniform  field  of  axial  speeds  in  clearance  and  after  stage  (method  of  constant 
circulation  of  speed). 

In  this  case,  the  coefficients  di^  0  and  equation  (9-50)  acquires 

the  simple  form; 

^4- cos* 4^=0.  (9-50a) 

«»  •  r 

Since 

and  according  to  the  adopted  assumption  c^^  const,  then  equation  (9-50a)  is 

transformed  to  the  form;  dc,| 

*•1  ‘  r  “ 

Integrating  this  equation^  we  obtain: 

c„re=s  const. 

The  latter  condition  expresses  the  constancy  of  circulation  of  spesd  around 
guide  row.  Actually,  in  the  simplest  case  of  axial  entry  into  guide  row  — 0) 

circulation  of  speed  la  equal  to: 

r==: < (r„  -  ==-^  =  const, 


where  number  of  blades  in  the  row. 

Tho  initiator  of  the  considered  method  is  N.Ye.  Zhukovskiy.  As  early  as  1912 
in  investigating  propellers  N.  Ye.  Zhukovskiy  showed  that  axial  speeds  are  constant 
in  a  radial  direction,  if  change  of  the  peripheral  components  of  the  speed  corre¬ 
sponds  to  tho  law  of  constancy  of  circulation.  It  is  well-known  that  propellers, 
and  later  also  fans,  constructed  according  to  vortex  theory  by  N.  Ye.  Zhukovskiy, 
were  dletingtilshed  ty  their  great  economy.  For  calculating  long  blades  of  steam  and 
gas  turbines,  this  method  was  for  the  first  tine  applied  by  V.  V  Uvarov. 

By  means  of  equation  (9-50a)  there  is  readily  found  the  distribution  of  tha  • 
absolute  velocities  in  clearance;  J_ 


ern 


wh*re 


^1*  ‘^1* 

The  ehenge  in  reaction  along  radius  Is  established  by  means  of  the  evident 
relationships  _  <?  *?* 

f  —  I—  I  —  2gii, 


or 


(9-71) 


In  acoordanoe  with  condition  c^  r  const  there  can  be  found  the  change 
of  angles  of  absolute  velocity  along  radius  In  the  form: 

".t 


The  twist  of  blades  on  the  basis  of  the  condition  of  constancy  of  circulation 
of  speed  can  be  realised  by  taking  into  account  the  losses  in  rows. 

For  an  adiabatic  flow  (taking  Into  account  losses)  the  calculated  relationships, 
obtained  by  means  of  integrating  Initial  differential  equations,  are  given  In 


Table  9-1. 


For  a  flow  with  losses,  as  Is  evident  from  formulas  presented  in  Table  9-lf 
the  conditions  Cur  >aeonst  and  Cai  const  are  Incompatible.  Under  the  condition 
of  a  uniform  field  of  axial  speeds  in  clearance  the  circulations  of  speed  around 
guide  blades  must  be  increased  towards  its  vertex.  If,  as  the  basis  of  profiling 
of  stage  there  is  asB'med  the  condition  of  constancy  of  circulation  of  speed,  then 
the  axial  speeds  In  clearance  also  Increase  somewhat  towards  the  vertex. 

The  adiabatic  flow  in  clearance  at  t)|  const  and  m  "  const  Is  subject  to 
equation,  obtainable  by  the  Integration  of  (9-50),  in  following  form; 


Consequently,  the  available  thermal  differential  in  guide  row  will  txi: 

r-  “t  — 

^ 

The  ratio  of  apeeds  varies  along  the  radius  in  accordance  with  formula 
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where  ratio  of  speeds  for  root  section. 

The  angle  of  relative  flow 
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It  must  be  emphasised  that  the  realisation  of  method  of  twist  at  Oi  ■*  const 
results  In  guide  vanes  of  variable  profile  by  height*  since  with  small  6  the 
spacing  of  the  blades  and  the  speed  along  radius  varies  significantly.  Consequently 
In  order  to  realise  ohe  condition  Oi  >•  const*  it  is  necessary  to  change  the  ad¬ 
justing  angle  of  profile  i.e**to  make  the  blade  twisted*  At  high  speeds  it 
is  necessary  also  to  consider  influence  of  eompressibilJ.ty  on  the  mean  angle  after 
row  which  also  results  in  the  necessity  of  twisting  the  guide  vanes. 

For  a  large  number  of  stages  it  seems  possible  to  make  the  guide  vanes  without 
twists.  The  calculation  of  the  guide  rows  Is  made  by  formulas*  presented  in  See. 

9-4.  By  means  of  these  relationships  there  are  calculated  parameters  of  flow  in 
clearance. 


The  calculation  of  moving  blades  both  at  a.  •=  const,  and  also  at  (i|=/(/‘)r) 
is  made  by  proceeding  from  conditions  adopted  after  the  stage.  .  As  it  has  been 
shorn,  there  may  be  assumed  a  condition  of  idthout  a  swirl  of  flow  at  exit 
of  constancy  of  work  along  radius  «  const)  and  others. 

The  calculation  of  a  stage  with  a  flow,  nearly  cylindrical,  it  is  possible 
to  realise,  by  dividing  the  flow  into  a  number  of  elementary  annular  flows.  Within 
limits  of  each  flow  it  is  possible  to  assume  the  problem  one-dimensional  and  to  use 
ordinary  calculation  procedure  .  The  twist  of  a  guide  vans,  .in  general,  can  be 
selected  any:  at  ■■  const;  r  const;  In  this  connection,  naturally, 

for  dsterainlng  parameters  in  the  clearance  it  is  possible  to  one  of  the  particular 
solutions  (9-50).  After  determining  parameters  in  clsarance,  we  write  out  the 
equation  of  continuity  for  each  flow  in  the  control  sections  1-1  and  2-2: 

where  AO  is  the  flow  of  steam  through  an  elementary  stream; 

Pi,  and  p,,  are  the  densities  attermination  of  Isentropic  expansion  in  guide 
and  moving  rows; 

Ci.f  W-.  are  the  theoretical  exit  velocities  of  the  flow;  , 

/,  and  /,  are  areas  of  exit  sections  within  the  limits  of  one  elementary  flow; 

Pit  p,  are  coefficients  in  a  given  annular  section  of  the  guide  and  moving 

rows. 

From  equation  of  continuity  and  triangles  of  speeds  we  determine  the  parameters, 
necassary  for  designing  a  moving  row.  The  total  flow  of  gas  through  the  stage  G  is 
equal  to  the  sum  of  flows  through  all  the  elementary  flows.  The  total  efficiency 
of  the  stage  is  found  on  the  basis  of  the  efficiency  of  the  elementary  f.loH3  os 
neutralised  along  the  flow. 

With  such  a  calculation  method,  the  flow  factors  p,  and  p,  and  coefficients 
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of  speed  f  and  <{'  should  be  assumed  variable,  depending  on  geometric  and  regime 
parameters  in  considered  sections  of  the  rows.  The  described  method  of  calculation 
is  very  simple  and  gives  reliable  results. 

The  construction  of  guide  and  moving  blades  is  realized  by  design  data  of  the 
twist.  From  the  calculated  values  of  M,,(r)  and  a|(r)  the  profiles  in  the  root, 
middle  and  upper  sections  of  the  guide  vanes  are  selected.  With  large  heat  differ¬ 
entials  In  the  stage,  in  root  seotiona  «.i>  and  in  peripheral  Corre¬ 

spondingly  the  root  sections  will  form  profiles  of  group  C  (with  reverse  concavity 
in  oblique  section  and  a  small  expansion  of  channel),  middle  sections — profiles  of 
group  B  (rectilinear  sectors  of  baok  edge  in  obU.que  section),  and  the  upper- 
profiles  of  group  A  (convex  hack  edge  in  oblique  section).  Analgously  there  is 
conatrueted  a  moving  blade,  for  which  the  following  parameters  serve  as  the  Initial: 

?•(»’).  P«(')‘  ^  oonstruciion  it  la  desirable  to  select 

spaoings  and  adjusting  angles  of  profiles  in  a  range  of  optimum  values. 

The  above-considered  methods  of  profiling  give  virtually  a  coincident  character 
In  the  change  of  reaction  along  radius  which  directly  ensues  from  the  approximate 
equation  (9-50). 

CertaJ.n  differences  are  ascertained  in  the  distribution  of  angles  of  absolute 
and  relative  flows  ui  and  |i,,  and  also  axir.l  components  of  the  speed. 

A  comparison  of  three  methods  of  twist  (  Cutr  >>  const,  oi  *  (  ^nst  and  for 
oyllndrleal  flow  const)  is  presented  in  Pig.  9-12.  A  somewhat  larger 

twist  of  moving  row  is  given  by  the  method  at  **  const.  In  this  connection  the  guide 
vanes  prove  to  be  the  least  twisted.  For  method  of  profiling  Cutr  const,  the 
twist  of  the  moving  blades  decreases  and  of  the  guide  blade — increases.  Intermediate 
results  are  obtained  for  cylindrical  flow,  corresponding  to  regularities  of  flow, 
arranged  according  to  the  method  cmr  const  at  p,  const. 

ESxperiments  show  that  stages,  profiled  by  the  indicated  methods,  have  virtually 
an  identical  effectiveness,  A  further  Increase  in  the  efficiency  obviously  may  be 
assured  by  selecting  a  rational  distribution  of  the  reaction  along  radius.  Such  a 


Pig.  9-12,  Comparison  of  certain  methods  of  tvdsts 
of  blades. 

condition  corresponds  to  law  p(r),  with  tdiich  radial  pressure  gradients  in  root 
sections  will  be  minimal. 

Axial  Stage  with  a  Small  Variation  of  the 
Reaction  along  Radius 

The  possibility  of  realizing  a  turbomachine  stags  vdth  a  small  change  of 
reaction  along  the  radius  is  of  great  practical  interest.  In  a  turbine  stage  an 

I 

equalising  of  the  reaction  results  in  a  more  uniform  field  of  speeds  in  clearance, 
to  decrease  in  difference  of  angles  at  entry  of  flow  p,  in  upper  and  root  sections, 
to  a  lowering  of  losses  from  leaks,  to  a  decrease  of  axial  stresses  et  cetera. 

For  a  compressor  stage  wi.th  a  reaction  p  •“  0.5  owing  to  the  equalizing  of  the 

field  of  speeds  by  height,  there  may  be  displaced  the  maximum  limit  with  respect 
to  M  number,  higher  peripheral  speeds  and,  consequently,  a  larger  coefficient  of 
presBure  head  with  the  maintenance  of  a  high  economy  of  the  stage. 

For  stages  of  turbines  with  low  heights  of  blades  (f  <  0,8  and  0>I3)  the 
equalizing  of  the  reaction  can  be  realized  by  the  use  of  meridional  prof,. ling  of 
chanmils  in  guide  row  by  height. 

The  condition  of  equality  of  centrifugal  forces,  acting  within  channel 
on  an  element  of  the  masa  of  the  peripheral  and  axial  components  of  the  !]>eod,  l.e. 
the  condition  of  constancy  of  static  pressure  of  channel  by  height  can  be 
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¥ig,  9-13 •  Diagram  of  annular  row  of  guide 
profiles  with  oblique  edges  and  a  meridional 
profiling. 

KEYi  a)  Direotion  of  flow  of  gas;  b)  Kxit 
edge  of  blade. 


presented  as: 


(9-72) 


Here  R  is  radius  of  curvature  of  upper  contour  in  the  meridional  plane;  r|^ 
is  the  radius  of  root  section  (Fig.  9-13). 


From  (9-72)  we  find; 

As  has  been  indicated  (Sec.  the  use  of  meridional  profiling  in  stage 

with  low  heights  of  blades  makes  it  possible  not  only  to  decrease  the  difference 
between  reactions,  but  also  significantly  to  decrease  losses  in  the  guide  rows. 

In  Fig.  9-14  there  are  Illustrated  the  results  of  tests  of  two  stages  (7;  <0.«>;  6«'IG) 
with  curvilinear  and  cylindrical  contours  of  the  upper  band.  It  is  evident  that 
the  stage  with  a  meridional  profiling  has  a  higher  effiulonuy  (by  1.5— 2;i>),  and 
the  difference  between  the  reactions  -p^  decreases  moi*e  than  threefold 

(from  16  to  5i)» 

From  a  stage  with  a  8<::i0  meridional  profiling  it  is  difficult  to  attain 


d«P«n(lenc®  of  tha  efficiency  of 
*  "^®ea  with  mepi- 
f  (®-2-28m)  and  for  a  stage  with 
cylindPloal  contours  (KD-^-5!A)  ®  «  16;  «  o,5 

•igmtUni  t,u»u.ine  of  th.  rtMtlon  «thout  .  .Ignlflcont  inerou,  „f  i„„„ 
guide  row. 


difference  of  reaction 
fiilfl+f  ^  losaas  in  rows  as  a 

potion  of  slope  angle  of  blades  v  (9  ■»  8.5« 

l.Oj  -  15  ).  ^ 

s)  Calculation, 

for  th.  li.dtln*  V.1U..  2.s<e<i;  for  th.  purpo,.  of  lovriog  jr«li,„t  of 
•Utlo  pr.,.„r.  .long  n  i.  .gp.oi.„t 

pUn..  Aot.i.lV,  fr„„  „„.Uo„  „r  „oj,i  „itt.„  oot  trtl,g  Into 
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account  forces  of  the  action  of  blades  on  flow, 

dc.  .  dc 

_ _ L _ C  - 

’  t  dt  « 


I  dp  ‘t 


c.  -  C„  f- 


(9-73) 


(triiere  is  the  radial  component  of  the  force  of  the  action  of  blades  on  the  flow) 
it  is  evident  that  at  Fp<  0  (slope  of  blades  along  the  flow.  Fig.  9-12)  the  pressure 
gradient  is  leas  than  with  a  radial  arrangement  of  the  blades.  Physically  this 
means  that  on  element  of  gas  there  acts  a  force,  whose  direction  is  opposite  to  the 
direction  of  the  centrifugal  force.  Consequently,  in  this  case,  there  is  decreased 
difference  between  static  pressures  which  assure  the  equilibrium  of  the  gas  element 
decreases.^ 

Th.us,  slope  of  the  guide  vanes  in  plans  of  rotation  can  change  the  distribution 
of  static  pressure  in  the  clearance  and  t’.e  distribution  of  the  reaction  along  the 
radius . 

In  Fig.  9-15  there  are  shown  results  of  tests  of  four  annular  rows  with 

different  angles  of  slope  Y  «  20°}  0°;  ~8°;  —20°,  made  at  the  Moscow-Power 

I 

Engineering  Institute  (MSI).  As  can  be  seen  frou  the  graph,  with  an  increase  of 
slope  angle  of  blade  along  the  flow  difference  between  reactions  in  peripheral  and 
root  sections  significantly  decreases;  for  6»8.  can  be  attained  at  Y'^25°. 

In  the  same  graph  there  have  been  plotted  the  profile  and  total  losses  in  the  rows. 

Within  limits  of  variations  of  the  elope  angle  v  from  — 8  to  +3°  profile 
losses  virtually  do  not  change  and  amount  to  2-2. 5!f.  At  ^^+20“  and  ^=^—20" 
the  profile  losses  increase  to  3^,  This  result  is  explained  by  the  distortion 
of  shape  of  vane  channels  with  a  large  slope  of  the  blades. 

The  total  losses  in  the  rows  remain  virtually  constant  within  limits  of  varying 
the  angle  Y  from  —8  to  +20°.  An  intensitve  increase  of  losons  is  observed  with 
slope  angles  of  — ^8°>v>  4-20".  Graphs  of  the  variation  of  losses  by  height  of 
rows  (Fig.  9-16)  show  that  for  negative  slope  angles  the  losses  increase  in  the 


'i^An  investigation  of  stages  with  oblique  blades  was  made  by  Yu.  I.  Mltyushkln 
(I-enlngrad  Metalworking  Plant)  and  G.  A.  Filippov  (Moscow  Power-Engineering  Institute). 
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root  soctions,  virtiere  thore  appesara  a  aeparation  of  the  flow.  For  rowa  with  a  slope 
of  the  blades  along  the  flow,  when  there  is  realized  a  compression  of  the  flow  in 
root  sections,  the  losses  Increase  in  the  peripheral  sections. 

Experiments  have  shovm  that  with  a  simultaneous  introduction  of  meridional 
profiling  of  the  upper  contour  of  row  and  with  the  slope  of  blades  it  is  possible 
to  decrease  losses  in  upper  sections  (y>0)-  In  this  connection,  both  factors, 
the  slope  of  blades  along  the  flow  and  the  profiling  of  upper  contour  make  it 
possible  to  lower  sharply  differences  between  reactions  Ap=p,  — p,.  . 

An  approximate  formula  for  determining  the  reaction  in  stage  with  different 
slope  angles  of  blades  \  can  be  obtained  by  means  of  a  common  solution  of  equations 
of  momentum  and  of  radial  equilibrium  of  cylindrical  flow  (9-73}*  The  force  of  the 
effect  of  blades  on  the  flow  is  determined  in  terms  of  the  peripheral  component 


tig*  9-16,  Character  of  change  of 

losses  along  height  of  row  at  various 

an^es  of  inclination  of  blades  (6--=  8  5;  f,  —  I  0;  15*). 

KEIY!  a)  Root  section. 

ly  the  equation  (c  miO); 

r 
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Mhara  P  in  tha  paripharal  componant  of  force  of  effect  of  blados  on  the  flovr. 

u 

After  usumlng  a  linear  law  of  tha  change  In  across  width  of  row  for  a 
■liddla  line  of  channel  c^  «  xc^^/B,  wo  obtain: 

«,co<a, 

F^s=Ca8in«4  Sr^.jO— t)* 

Substituting  F^in  equation  (9-73)»  we  find: 

From  tha  latter  aquation  Jointly  with  aquation  of  energy  we  obtain: 

rff,  Jlai.co**,  dr 

“‘T- 

After  integrating  this  equation  for  tha  case  Si  constf  we  obtain  tha  distribu¬ 


tion  of  speeds  by  height  of  blades: 


/  I  V******  r  *Jn  «i  CO*  a,  (r,  —  r,,)  1 


(9-74) 


Tha  reaction  in  arbitrary  section  of  clearanoa  is  calculated  by  tha  formula 

Tha  difference  between  reactions  at  p*  ■*  0  and  b  1,5B  (b  is  the  chord  of 
profile) 

Ap=:  I  -  exp  r  ’ “■  :ii!L 

IVs+i  2ifcKao~t)/J  „•  (9.76) 

The  obtained  formulas  give  values  somewhat  too  high  for  the  difference  between 
reactions  which  is  connected  basically  with  the  deflection  of  flow  in  clearance 
of  stage  from  coaxial,  by  the  presence  of  radial  overflows  of  gas  in  the  boxuxtary 
layer  of  blades,  by  leaks  in  the  stage,  by  the  effect  of  moving  wheel.  The  error 
of  calculation  is  explained  also  by  the  assumed  approximate  law  of  variation  of  c^ 
along  axis  of  channel  et  cetera. 

The  Influence  of  the  enumerated  factors  is  considered  the  basis  of  experimental 
data  Introduced  by  the  coefficient  A  -  0.65  in  formula  (9-76). 

The  calculation  of  the  reaction  in  stage  with  slope  of  blades  along  flow  and 
meridional  profiling  of  upper  contour  is  realised  by  the  formula 

'= •  -(•  (. + 
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obtained  by  taking  into  account  the  influence  of  curvature  of  upper  contour  on  the 
distribution  of  the  speeds  along  the  radius  in  the  clearance. 

Ejcperlence  confirms  the  satisfactory  accuracy  of  formula  (9-77)  at  9 >6. 

For  stages  with  small  9<a  and  supercritical  heat  differentials  the  application 
of  slope  of  blades  also  is  expedient.  Actually,  with  a  significant  degree  of  fanwise 
arrangement  of  blades  of  the  flow  part  (Fig.  9-17)  the  compression  of  flow  makes  it 
possible  to  improve  the  flow  around  the  root  sections;  the  flow  around  the  upper 
sections  is  virtually  constant  since  the  slope  angle  7*  at  the  periphery  Is  much 
smaller  than  at  the  root.  For  example,  for  a  stage  with  9  =  2,6'  and  the 

slope  at  vertex  is  Ti  *=  5‘’40’  and  at  the  root  14®.  The  decrease  of  reaction 
in  the  upper  sections  and  correspondingly  decrease  of  angle  at  entry  of  flow  for 
the  moving  blades  '-t,  will  result  in  a  decrease  of  twist  of  moving  blade. 

The  redistribution  of  the  heat  differential  between  guide  and  working  rows  and 
decrease  of  angle  3,  in  the  peripheral  sections,  caused  by  the  slope  of  blades  along 
the  flow,  facilitates  the  profiling  of  upper  sections  of  moving  rows  at  supersonic 
speeds . 

Influence  of  the  slope  of  guide  vanes  in  the  stage  0  *=2.6  and  «  0.27 
on  the  distribution  of  parameters  along  radius  is  shown  in  Fig.  9-17.  Witli  a  slope 
in  middle  section  the  reaction  in  upper  section  lowered  from  75  to  56^, 

angle  at  entry  of  flow  3,  decreased  from  155®  to  127®.  The  M  .  number  increased 
at  vertex  of  blade  to  0.9,  and  the  number  decreased  to  1.08, 

The  latter  turbine  stages  frequently  must  be  realized  with  conical  contours 
(Fig.  9-12).  The  presence  of  conicity  results  in  a  decrease  of  the  I'eaction 
in  stage. 


For  a  conical  guide  row,  the  change  in  reaction  along  the  radius  can  oe 
determined  approximately  by  the  formula 


where  T,— is  the  coefficient,  which  considers  the  effect  of  conicity; 
0^  ii.  the  angle  of  conicity  at  vortex. 


577 


^^8*  9-17.  Variation  of  parameters  by  height 
of  blades  (  e  -  2.6;  *,  «  0.2?). 

- with  slope  of  edges:  - - radial  edges, 
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CHAPTER  10 

METHODS  OP  EXPERIMENTAL  INVESTIGATION  OP  GAS  FLOWS 
^  BLADING  OF  lURBOMACHINES 

10-1 «  Experimental  Stands  For  Investigation 
of  Bladings  of  Turbomaehlnes 

Problems  of  experimental  inveatlgatlon  of  the  blading  of  turbomaehlnes  can 
be  divided  into  three  groups.  In  the  first  group  are  Included  questions  connected 
with  the  Investigation  of  the  structure  of  flow  In  separate  elements  of  the  stags^ 
considered  as  Isolated  and,  In  the  first  place,  in  the  guide  row  and  moving  row. 

The  second  group  of  problems  consists  of  a  differentiated  study  of  the  physical 
phenomena  occurring  In  the  stage. 

The  third  group  of  problems  reduces  to  the  determination  of  the  experimental 
coefficients  necessary  for  thermal  design  of  the  turbomaohine  and  for  the  explanation 
of  the  dependence  of  Jthese  coefficients  on  the  basic  structural,  geometrical  and 
regime  parameters  of  the  stage. 

Main  requirements  for  experiment  under  Jaboratory  conditions  are  formulated 
by  theory  of  analogy.  In  practice,  not  all  of  these  requirements  can  be  realised 
with  an  identical  degree  of  accuracy,  since  actual  processes  in  the  turbomachine 
are  distinguished  by  great  complexity.  Therefore,  for  the  experimental  setup,  one 
should  establish  the  most  important  characteristics  of  the  process  in  each  Individual 
ease,  disregarding  its  secondary  characteristics.  Correct  solution  of  this  problem 
determines  ths  direction  and  method  of  the  experiment  and  aloo  the  theoretisil  and 
practical  value  of  the  results  of  the  Investigation.  If  the  main  goal  of  tlio 
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experiment  is  the  obtaining  of  integral  characteristics  of  the  stage,  then  it  is 
obvious  that  In  the  model  conditions  there  must  be  reproduced  all  of  the  most 
essential  characteristics  of  the  process.  Therefore  experimental  investigation  of 
the  characteristics  of  the  stage  must  be  conducted  on  special  experimental  ti^rbine 
experimental  compressor,  allovdng  the  establishment  of  reliable  values  of  character¬ 
istics  and  the  study  of  the  main  properties  of  flow  in  the  cascades. 

The  last  problem,  however,  is  difficult  to  solve  in  an  experimental  machine 
since  this  requires  the  application  of  complicated  special  measuring  equipment. 
Therefore  for  detailed  study  of  flow  around  cascades  during  the  study  of  the 
Btechanlsm  of  formation  and  development  of  losses  in  individually  considered  cascades, 
it  is  necessazy  to  resort  also  to  other  simpler  methods  of  experiment,  vraiiving  cer¬ 
tain  requirements  of  the  theory  of  similitude.  It  follows  from  this  that  along  with 
the  use  of  an  experimental  turbomaohine  as  ths  main  method  of  investigation,  it 
la  necessary  to  apply  also  the  simpler  and  therefore  more  wide-spread  methods  of 
test  of  stationary  rows. 

Investigations  of  elements  of  the  blading  of  steam  and  gas  turbines  can  be 
carried  out  with  water  vapor  or  with  air,  and  the  diagram  of  the  test  stand  depends 
considerably  on  the  applied  working  fluid.  Investigations  of  elements  of  the  com¬ 
pressor  are  carried  out,  naturally,  on  air. 

The  fundamental  diagram  of  the  air  experimental  stand  for  the  investigation  of 
bladings  of  turbines  and  compressors  is  presented  in  Fig.  10-1. 

Air  is  oomprsssad  by  compressor  2  and,  passing  through  rsetsiver  3,  is  purified 
In  filter  A.  When  necessary,  the  temperature  of  the  air  can  be  raised  in  the  air 
pre-heater  5*  This  is  especially  important  during  the  attainmemt  in  the  investigated 
row  of  high  velocities  when  the  temperature  of  the  air  abruptly  drops,  which  causes 
condensation  of  the  water  vapors,  which  are  always  in  air. 

With  the  cleaned  and  warmed  up  air  ai^e  fed:  experimental  installations  fox* 
investigation  of  flat  stationary  rows  6  and  for  investigation  of  annular  stationary 
rows  7,  the  air  experimental  turbine  8,  the  installation  operating  on  the  principle 
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of  Moaxirement  of  reactivo  streasas  10,  wind  tunnel  11  with  optical  Inatrumanta  12 
and  the  block  17  for  testa  of  ejectors,  duets,  valves,  etc. 

The  annular  wind  tunnel  7  is  designed  so  that,  besides  pneuaomstric  measurements, 
it  allows  the  measiuremont  of  torque  and  axial  stress  on  the  investigated  row. 

The  air  experimental  turbine  3  with  hydraulic  or  induction  brake  9  is  analogously 
designed. 


rig-  10-1.  Fundamental  diagram  of  an  air 
experimental  stand. 

iHsotor;  2-coopressor;  3-receivar;  4-filterj 
5~preheater;  6  and  7~statlo  Installations; 

3,  9**expsriMntal  turbine;  10-installatlon 
for  BwasureiMnt  of  reactive  stress;  11-wlnd 
tunnel;  12-optical  installation;  13-refriger¬ 
ator;  lA^additional  oomprossor;  15-f liter;  lb- 
muffler;  17-8tand  for  test  of  valves,  ejectors, 
etc. I  18-ejector;  19-tanks;  20  and  2i-f liter 
and  moisture  separator. 
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Th«  wind  iunnol  Is  a  necessary  element  of  the  stand  and  is  designed  for 
calibration  tests  of  different  measuring  instruments  and  nece.ssary  systematic 
operations.  On  the  plane  installation  6  or  in  wind  tunnel  11  are  conducted  experi¬ 
ments  with  the  application  of  the  optical  apparatus  12.  The  stand  can  work  by  the 
opened,  as  well  as  by  the  closed  diagram.  The  closed  diagram,  being  the  more 
complicated,  makes  possible,  however,  the  independent  change  of  numbers  M  and  Re, 
l.e.,  allows  the  investigation  separately  of  the  influence  of  compressibility  and 
viscosity.  For  the  setup  of  a  number  of  experiments,  this  requirement  is  basic. 

During  the  use  of  the  open  diagram  air  is  ejected  into  the  atmosphere  through 
the  muffler  16.  During  operation  by  the  closed  diagram,  air  moves  through  the  cooler 

13  into  the  suction  line  of  the  compressor. 

For  creation  in  the  closed  circuit  of  the  stand  of  increased  pressure  and  com¬ 
pensation  of  leaks  through  cracks  and  seals,  the  supplementary  compressor  14  Is 
necessary  with  a  pressure  exceeding  the  maximum  pressure  in  the  suction  duct  of 
the  main  compressor.  If  compressor  14  has  sufficient  compression  ratio  and  efficiency, 
then, for  a  number  of  regimes,  instead  of  the  main  oompresaor  2,  oompreseor  14  and 
ejector  US,  can  be  used, feeding  the  experimental  installations  with  air  at  lowered 
pressure . 

1m  ease  it  is  necessary  to  carry  out  an  experiment  requiring  large  flow  rates 
and  high  velooltlas,  the  tank  sstr-up  can  bs  applied,  consisting  of  compressor  14  and 
a  group  of  tanks  19.  For  a  definite  time  the  tanks  19  are  filled  by  oomprassor  14 
through  filter  20  and  moisture  separator  21.  Then  air  from  the  tanks  is  directed 
through  regulating  valves  into  the  experimental  Installation.  Since  during  operation, 
the  preeeure  in  the  tanks  will  fall,  for  maintenance  of  the  constant  regime  of  the 
experimental  installation  it  le  necessary  to  uae  automatically  controlled  valves. 
Brlefnees  of  the  action  is  the  main  shortcoming  of  the  tank  set-up. 

The  method  of  experiment  with  air  at  temperatui'ss  of  the  order  of  50-100"  C 
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l8  slgnlfioantly  more  simple  than  with  steam  at  temperatures  of  250**-350**  C. 

This  determined  the  wide  application  of  air  in  laboratory  investlgatlona  of  bladings 
of  turbooaehines . 

However,  a  number  of  problems  connected  with  extended  operation  of  experimental 
installations  with  large  flow  rates  and  at  high  velocities  require  extraordinarily 
powerful  and  cumbersome  compressor  installations.  Work  connected  with  the  invest~ 
Igation  of  the  last  stages  of  condensation  steam  turbines  can  be  conducted  with 
air  only  partially,  and  these  problems  in  general  cannot  be  solved  on  the  air  stand. 

The  optimum  solution,  giving  the  greatest  possibility  of  conducting  different 
investigations  of  bladings  of  turbines  with  minimum  expenditure  of  time  and  means, 
is  the  use  ot  a  eompoeite  steam-a;^*  stand,  whose  basic  diagram  is  shown  in  Fig.  10-2. 

The  majority  of  Installations  of  such  a  stand  can  operate  on  air  as  well  as  on 
steam,  which  allows  us  to  as  lea  t  the  optimum  type  of  working  fluid  for  the  given 
experiment.  The  air  circuit  of  the  stand  does  not  differ  from  the  one  presented 
in  Pig.  10-1.  Use  of  steam  allows  us  easily  to  obtain  large  flow  rates 
velooltias,  and  to  change  Independently  the  numbers  K  and  Re;  it  also  provides  for 
the  oonduction  of  all  investigations  oonneoted  with  humidity.  Steam  moves  through 
the  raduolng-oooUng  installation  29  to  the  experimental  Installations  of  the  atand, 
passes  through  them  and  heads  into  the  ma±n  condenser  21.  The  condensate  by  meana 
of  the  oondensate  pump  Zk  moves  into  the  measuring  tank  25,  and  then  into  the 
return  line  of  the  condensate  of  the  heat  and  electric  power  plant. 

The  steam-air  atand  consists  of  an  installation  for  the  investigation  of 
annular  stationary  rows  7,  the  high-speed  single-stage  experimental  axial  turbine  8, 
the  two-shaft  experimental  turbine  14,  Intended  basically  for  invsstigatlc n  of  the 
last  stages,  the  experimental  turbine  for  investigation  of  radial-axial  stages  20, 
axial  26  and  osntrifugal  27  experimental  oompres.iors  with  steam  turbine  dzlve  28, 
and  the  installation  for  testing  of  the  plane  cascades  6. 

If  necessary,  in  the  steam-air  stand  ejector  wind  tunnels  18  and  19  can  be 
used,  the  air  flow  in  which  is  created  by  a  staain  ejector,  sucking  in  air  from 
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the  atffioaphere. 


In  tha  diajiraxn  of  the  stand  is  included  block  17,  allowing  us  to  establish 
for  periodic  teste  different  auxiliary  components  of  tublnes. 

For  drawing  off  of  steam  from  seals  of  the  experimental  turbines  the  auxiliary 
oondensor  23  Is  used.  Vacuum  In  the  condensora  is  maintained  by  steam  ejectors  22. 

It  is  desirable  to  supply  the  exhaust  ducts  of  turbines  with  throttling 
swehanlsms,  allowing  us  to  raise  the  eounterpressure  after  the  rotor  wheel  to  3^5 
atm  (abs).  For  the  majority  of  experiments  a  pressure  of  fresh  steam  of  5-*7  atm  (abs) 
at  a  temperature  of  250*’-3$0*’  C  la  sufficisnt. 

Ths  reduolng-cooUng  Installation  must  allow  fesdlng  of  stands  not  only  with 
superheated  steam  of  lowered  parameters,  but  also  with  wet  steam. 


Fig.  10>i2.  Baelo  diagram  of  ateam-alr  stand  of  Moscow  Power-Englnaerlng 
Inst,  1  and  2-motor  and  compressor j  3-reoelvsrj  4-f liter {  5-pre¬ 
heater  6,  7,  10,  11,  16  and  19-wlnd  tunnels;  9>load  mechanisms; 

8,  14  and  20-experlmental  tublnes;  21  and  23'-condensors;  22-eJs(ttor8; 
24-pump;  25-nna8urlng  tank;  26  and  27-experimental  coroprasaora;  28- 
drlve  turbines;  29-roduotion-ooollng  Installation. 
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10-5 .  Methods  of  Maasurement  of  Parametors  of  tha  Working 


The  beale  parameters  of  the  working  fluid  directly  measured  in  the  process  of 
experiment  are:  total  stagnation  pressure  and  temperature,  static  pressure,  and 
also  the  direction  and  magnitude  of  the  vector  of  velocity.  During  Investigation 
of  non-statlonary  phenomena,  the  frequency,  amplitude  and  form  of  change  of  these 
parameters  with  time  are  measured. 

For  Bieasurement  of  pressures  in  flows  various  heads  are  applied. 

Dimensions  of  the  investigated  cascades  are  usually  small,  especially  during 
tests  at  high  velocities.  Consequently,  the  dimensions  of  the  head  should  be 
minimum,  so  that  perceptible  distortion  of  the  investigated  field  does  not  occur. 
Significant  nonuniformity  of  flow  after  the  cascade  also  causes  a  maximum  decrease 
of  the  dimensions  of  the  receiver  and  a  change  of  its  design  in  distinction  from 
widely  known  heads,  which  are  applied  for  measurement  in  relatively  uniform  flows. 

Vfe  will  consider  certain  designs  of  heads. 

Total  stagnation  pressure  is  measured  by  the  heads,  schematically  depicted  in 
Fig.  10-3*  The  perfection  of  the  noszle  is  characterized  by  the  dimensionless 


coefficients : 


••  *T - ;  V  -*  -2- , 


where  is  the  coefficient  oharaoterizlng  the  sensitivity  of  the  head  to  change 
of  the  angle  of  Inoldence;  ia  the  ooeffiolent  characterizing  the  quality  of 
the  receiver;  p^  is  the  actual  total  stagnation  pressure  for  an  angle  of  ijncidenoe 
ft  “  0;  ie  the  measured  stagnation  pressure  for  given  a  )i^  0;  p^^  is  ihe 
BMiasured  stagnation  pressure  at  ft  0* 

It  Is  experimentally  established  that  at  ft  “  0  the  coefficlont  La 
approximately  Identical  for  all  forma  of  the  heads  presented  in  Fig.  10-3  tnd  is 
near  to  unity.  Magnitude  of  considerably  depends  on  the  form  of  the  hold, 
which  la  Illustrated  by  the  characteristics  in  Pig.  10-3. 
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For  measurement  of  stagnation  pressure  near  the  wails,  where  there  are 
significant  gradients  p^,  micro-heads  are  applied.  For  moaauroments  in  bounded 
regions,  for  example  in  gaps  between  the  guide  and  moving  apparatuses,  heads  cf 
types  f  and  £  are  applied.  Noszle  f  is  more  useful  at  low  velocities  and  is 
distinguished  from  nozzle  £  onl^  by  lower  rigidity. 

For  measurement  of  static  pressure,  the  heads  vdioss  diagram  and  oharaoterlstico 
ars  shown  in  Fig.  lC-4  are  applied.  Msasurament  of  static  pressure  is  difficult 
due  to  the  necessity  of  stricter  orientation  of  the  axis  of  the  head  in  the  direotlon 
of  the  velocity  vector  of  flow. 


The  sensitivity  of  the  head  to  change  of  the  angle  of  Inoldenoe  of  the  flow 
and  the  quality  of  the  receiver  of  static  pressure  are  oharaotsrizsd  by  the 


following  dlfflsnsionlsss  oosffialsnts: 

and 

TK* 

where  y,  la  the  pressure,  shown  by  the  instrument  at  the  given  angle  of  inoidenos; 
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£  is  the  static  pressure  of  undisturbed  flow;  p^  is  the  measwsd  pressure  at  #  o. 
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Fig.  10-3.  Heads  for  the  moasurement  of  stagnation  pressure, 
a-h  are  forms  of  receivers  and  results  of  calibration. 

KETs  (a)  receiver  a. 


Fof  nsMurenont  of  static  preaaure  In  flows  of  subsonic  velocltjTj  ths  head 
of  typo  b  glvos  satisfactory  results.  The  head  consists  of  a  pipe  with  a  spherical 
end;  diameter  d.*<  0.9  to  1.2  nm  with  two  receiving  apertures  of  dlaneter  d^  ■■ 

0.2  to  0.3  ann.  Measurefflsnts  in  gaps  and  other  places  accessible  with  difficulty 


Fig.  Heads  for  the  measurement  of  static  pressure 

in  the  flow  a>f  are  forms  of  receivers  and  results  of 
eallbration. 

■oeietittes  require  the  application  of  heads  of  the  types  c,  d  and  e,  distinguished 
by  large  rigidity,  smaller  llneai*  dimensions,  but  also  by  worse  charaoterls bios . 

For  toeasurements  of  static  pressure  at  supersonic  velocities  the  head 
which  has  a  favorable  characteristic, is  applied.  Independently  of  the  design  of 
the  head,  its  receiving  apertures  are  conveniently  located  on  the  axis  of  r>batlon. 
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During  total  auporsonic  stagnation  flovr  around  the  hoad  a  curved  shock  will 
be  Tormed.  Assuming  that  the  neutral  flow  line  crosses  an  element  of  the  normal 
shock,  it  is  possible  to  use  already  known  equations  for  the  determination  of 


Pig.  lO-S*  Curved  shock  before 
*  pitot  head, 

stagnation  pressure  if  the  dimensionless  velocity  of  the  Incident  flow  and 

the  static  pressure  p^  (Fig.  lO-S)  are  known. 

Under  the  conditions  of  the  experiment  it  is  usually  possible  to  measure  p^ 

and  the  stagnation  pressure  behind  the  shock  p  With  help  of  the  equations  of 

0« 

the  normal  shock,  it  is  simple  to  find  the  connection  between  P^/P2 

and  finally  to  obtain  the  dependence  for  *  allowing  the  determination 

of  (or  a;  ) : 

1  -L\^  b.  - 

\  '/ 

I 

Instead  of  direct  calculations  by  this  formula,  it  is  convenient  to  use 
tables  of  functions  of  the  normal  shook  or  the  diagram  of  shocks. 

For  Bieasuremont  of  the  direction  of  the  velocity  vector  in  gas  flow,  are 
applied  various  designs  of  goniometrioal  heads:  spherical,  cylindrical,  tubular 
and  wedge-shaped.  The  most  convenient  are  the  tubular  and  wedge-shaped  gonlometrlcal 
heads  (Fig.  10-6).  Spherical  and  cylindrical  heads  cannot  be  recommended  due  to 
the  complexity  of  their  manufacture,  and  calibration  and  significant  errors  during. 


■aasurenwnts  In  nonunlfom  flow. 

With  th«  help  of  e  tubular  or  vndge-ahaped  head,  the  direction  of  velocity 
la  determined  by  the  difference  of  pressures  which  are  measured  on  the  surface  of 
the  wedge  at  an  Identioal  distance  from  tlie  edge. 

In  flows  of  high  subsonic  and  supersonic  velocities,  the  heads  of  types  g  and  b 
have  an  approximately  identical  characteristic,  A  head  of  type  a  has  large  linear 


Fig.  10-6.  Heads  for  measurement  of  direction  of  the 
velocity  vector  at  a  point;  d  is  the  result  of  calibration, 

KET:  (a)  axis  of  rotation;  (b)  mm  of  Hg. 

dimensions,  is  less  vlbratlonally  stable,  but  is  more  accurate  and  in  a  smaller 

stage  disturbs  flow  near  the  point  of  measurement.  A  head  of  type  b  is  more  rigid 

and  compact,  but  does  not  allow  measurements  near  thu  walla  confining  the  flow. 

If  the  wedge  ABC  (Fig.  10-6, c)  is  located  at  an  angle  of  incidence  j  to  the 
flow  line,  then  the  bow  wave  appearing  at  point  B,  at  M^>  1  will  be  aaynmitrio 
with  respect  to  the  axis  of  the  wedge  BS.  Consequently,  the  pressure  at  point  K 
will  be  higher  than  at  point  K^.  At  0>A«,,  instead  of  the  shook  BG,  a  ^mve  of 
rarefaction  may  appear.  The  difference  of  pressures  pj^  —  Pj^^^  in  this  cat  to  is 
increased  itlH  more.  Since  the  initial  orientation  of  the  axis  of  the  heml  la 
knom,  then,  turning  the  head  until  the  pressures  pj^  and  pj^2.  equal  by  Ilia 
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indicator,  the  direction  of  the  velocity  of  flow  ia  determined.  It  ia  desirable 
that  the  an^sle  of  aharpnesa  of  the  nozzle  be  leas  than  the  critical  angle  at  which 
the  curved  shock  vdll  be  formed,  considerably  lowering  the  sensitivity  of  nozzle*  . 

Hsasurement  of  the  static  temperature  of  the  moving  gas  causes  significant 
difficulties.  The  stagnation  temperature  can  be  measured  comparatively  simply ^ 
Biethods  of  its  measurement  are  considered  below. 

There  exists  a  large  number  of  designs  of  thermal  heads  for  measurement  of 
stagnation  temperature  based  on  one  and  the  same  principle:  the  stream  of  invest¬ 
igated  gas  by  one  method  or  aiaother  is  decelerated,  and  the  thermally  sensitive 
element  ia  placed  in  the  zone  of  decelerated  flow. 

The  stagnation  temperature  is  connected  with  the  flow  velocity  and  static 
temperature  T  by  the  known  relationship: 


The  thermoreeelver  introduced  into  the  region  of  decelerated  flow,  due  to  heat 


I  rj- 


exchange  with  its  environment  and  incomplete  deceleration,  will  have  soma 
temperature  T^,  bounded  by  the  limits  T<T^T^  and  determined  by  the  equation 


r,  -r+r 


jli'. 


where  r<,l  is  the  recovery  factor  of  the  thermoreceiver.  Measuring 


temperature  and  knowning  from  calibration  tests  the  value  of  r,  it  is  simple 

to  calculate  the  true  stagnation  temperature  T  by  the  formula 

o 


The  principle  requirements  of  the  thermal  head  reduce  to  the  following:  1) 

the  value  of  r  should  as  near  as  possible  to  unity,  since  at  r  ■■  1,  T,  “  T  }  2) 

1  o 

the  value  of  r  must  remain  constant  in  a  range  of  numbers  M  and  Re  which  is  as  wide 
as  possible;  3)  overall  dimensions  of  the  thermal  head  must  be  minimum. 

As  a  rule,  a  thermocouple  serves  as  the  sensitive  element  in  the  thermal  head. 
Lately  semiconductor  thermoelements  (thermistors),  which  have  higher  sensitivity, 
have  received  widespread  use. 

In  Fig.  1C^7  and  10-8  are  presented  several  diagram  and  characteriotics  of 
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thvraal  ho«d9«wliich  are  the  most  suitable  for  the  conditions  of  experimental 
Investigation  of  bladings  of  turbomaohines.  For  investigation  of  temperatvire  fields 
after  the  stage  it  is  possible  to  reoonsnend  thermal  heads  of  type  d,  idilch  have  very 
■table  characteristics.  Such  heads  are  insensitive  to  rake  angle  vdthin  the  limits 
4  (10^  to  12  *}.  For  measurements  in  clearance  spaces  of  turbomaehine  stages, 
the  most  suitable  is  the  thermal  head  of  type  b. 

A  scnsidiat  improved  modification  of  the  transversely  streamlined  qulek-rosponss 
head,  which  allows  neasuremsnt  at  elevated  presstures  with  full  hermetic  sealing, 
la  shown  in  Fig.  10>7,e.  One  electrode  of  this  head  is  made  in  the  form  of  a  thin^ 
walled,  for  example  copper,  pipe  of  dimensions  1.1  x  0.8  mm,  inside  of  which,  in  a 
porcelain  tube,  is  Inserted  a  second  electrode. 

After  installation  of  the  Internal  electrode,  the  end  of  the  pipe  is  ground 
and  covered  with  a  thin  layer  of  electrolytic  copper.  The  "Junction"  of  such 
a  thermocouple  for  a  diameter  of  the  internal  electrode  of  the  order  of  0.05  mm 
possesses  insignificant  inertia,  and  the  thermoreceiver  itself  is  very  easily 
sealed.  In  Fig.  10-8  are  presented  designs  and  characteristics  of  heads  which  are 
applied  at  high  supersonic  velocities  and  significant  temperatures.  Good  results 
were  shown  by  the  noszles  of  type  a. 

The  eaalng  of  the  shield  and  the  sensitive  element  of  this  head  is  made  from  . 
quarts,  covered  by  layer  of  platinum,  which  aigniricantly  decreases  convective  and 
radiant  heat  exchange  at  high  values  of  T^. 

For  measurement  of  the  stagnation  temperature  in  the  boundary  layer  and  in 
flows  with  small  frse  flow  section,  the  thermal  head  c,  can  suocessfullr  be 
applied;  however,  manufacture  of  a  head  wj.th  such  small  dimensions  present) i  definite 
difficulties. 

During  investigations  in  the  region  of  elevated  temperatures,  where  1 .  is 
essential  to  consider  radiant  heat  exchange,  the  thermal  head  ^  can  be  used,  which 
is  insensitive  to  wash  of  flow  within  the  limits  of  ±  12*  and  is  8hielde<l  by  a 
double  screen. 


Fig.  10-7 <  Thermal  heads  for  measurement  of  stagnation  temp¬ 
erature  and  results  of  their  oalibration# 

KEY:  (a)  for. 


Fig.  10-8.  Longitudinally  streamlined  thennal  heads  and  re¬ 
sults  of  thir4 calibration. 

KET:  (a)  for;  (b)  thermal  insulation;  (c)  m/soc. 


For  Cfioqparatlvoly  Inrga  dimensions  of  the  investigated  field,  it  is  convenient 
to  Apply  oonbined  heads,  idtieh  give  simultaneously  values  of  two  or  more  parameters. 
Several  designs  of  such  heads  are  shown  in  Fig.  10-9.  The  head  a,  is  used  for 
simultaneous  oeasurement  of  total  stagnation  pressure  and  the  direction  of  twu> 
dimensional  subsonic  flow. 

The  head  ^  is  widely  used  in  the  Moscow  PoweroEngineering  Inst,  during  the 
simultaneous  measurement  of  total  stagnation  pressure  and  the  direction  of  two*’ 
dimensional  and  supersonic  flows  and  is  the  most  perfect  of  the  heads  of  this  type. 

Tlie  ecab-Uks  head  is  convenient  for  the  measurement  of  total  stagnation  pres¬ 
sures  in  flows  with  small  change  of  angles  over  the  section. 

The  disk  can  be  applied  for  simultaneous  measurement  of  static  pressure  and 
direction  of  two-dlMnslonal  flow*  Heads  j  and  ^  in  Fig.  10-10  are  ussd  for  ths 
slmultansous  measurement  of  total  atagnatlon  praasure  and  static  pressure. 

Road  £,  consisting  of  tubas  of  complete  deceleration  and  a  Ventxiri  tube,  is 
Inaenaltive  to  rake  angle  right  up  to  40"-45®»  which  makes  it  veipy  convenient  for 
a  number  of  experiments  in  which  turning  the  he^  for  orientation  of  its  axis  is 
difficult. 

In  Fig.  10-10, d  is  represented  a  combined  nossle  for  the  measurement  of  total 
stagnation  pressure  and  temperature,  proposed  by  1.  Tsuber. 

Processes,  proceeding  in  turbomachine  stages  are  periodically  non-ateady-state. 
Therefore  a  significant  interest  is  presented  by  methods  of  measurement  of  the 
parameters  of  non-steady  gas  flows 

Sines  during  the  investigation  of  non-steady-atate  procsssss  it  is  necessary 
to  be  concerned  with  frequencies  reaching  thousands  of  cycles  per  second,  iirect 
SMasurement  of  the  parameters  by  the  usxtal  Instruments  becomes  impossible. 

*Delow  are  considered  only  some  of  the  developed  methods  of  msasuremeiig  in 
non -steady  flows.  Electrical  circuits  of  the  measuring  devices,  wlilch  are  ieacrlbed 
in  applied  special  llteratui*e,  ar'"'  beyond  the  scope  of  this  book  and  are  n)t> 
considered. 


rig.  10-10*  Combined  heads  Tor  the  measxirement.  of  stagnation 
prassture  and  static  pressure. 
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In  thin  e«s«  speolal  low-lnertln  heads  are  used,  which  uniquely  convert  the 
neaeured  parameter  Into  a  current  or  amf  of  a  certain  value.  By  the  ohan^ 
with  time  of  the  owrent  or  emf,  the  change  in  the  meaaured  parameter  ia 
determined. 

At  the  basis  of  the  design  of  a  low-inertia  nozzle  with  an  electrical  trans¬ 
ducer  there  can  be  assumed  various  physical  principles  (change  of  resistance, 
capacitance,  etc.,  as  a  functioni  for  example,  of  pressure). 

It  is  desirable,  that  the  selaoted  principle  provide  for  the  measurement  of 
as  largo  a  nvasber  of  parameters  as  possible  of  non-steady  state  flow. 

For  registering  the  form  of  the  investigated  process  as  accurately  as  possible, 
the  natural  frequency  of  the  transducer  should  exceed  the  maximum  frequency  of  change 
of  the  investigated  parameter  by  at  least  an  order  of  magnitude.  Amplifying 
equipment,  usually  applied  Jointly  with  the  sensors, must  have  a  linear  frequency 
response, 

Realisation  of  the  amplifying  and  registering  parts  of  the  measuring  install¬ 
ation  with  such  requirements  presents  special  difficulties,  and  the  high  natural 
frequency  of  the  system  of  the  transducer  is  attained  with  difficulty. 

The  head  must  have  a  sensitivity,  as  high  as  possible,  linearity  of  character- 
letioa  in  the  region  of  measurement  and  time  stability} it  must  also  allow  temperature 
compensation  and  have  minimum  over-all  dimensions. 

On  the  whole,  the  mcseurlng  system  must  allow  simultaneous  msasuiensnt  and 
fixation  of  different  parameters  at  several  points  for  the  manifestation  of  a  time 
oonnsotlon  betwnon  them,  and  be.  Insofar  aa  possible,  simple  in  operation  and  in¬ 
sensitive  to  mechanical,  thermal  and  electrloal  external  Influences. 

The  main  difficulty  in  the  creation  of  such  equipment  consists  in  the  satis¬ 
faction  of  all,  or  in  any  oa8S|Of  the  majority  of  these  requirements.  For  nsssurs- 
SMnt  in  the  flow  core  of  rapldl)r  varying  total  stagnation  pressures  and  of  static 
pressures  and  angles,  in  the  Moscow  Power-Engineering  Inst,  a  number  of  qui c k-responae 
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h«ada  with  tensomoteric  transducers  were  developed;  one  of  them  Is  depleted  In 
Pig.  10-11. 

Aotually,  the  head  of  such  an  instrument  Is  a  short  pipe  of  total  stagnstlon. 

The  transducer  of  pressure  into  euf  is  located  In  a  small  box  1  of  streamlined' 
form  fastened  to  the  lens-holder.  The  pulsating  measured  pressure  is  brought  under 
the  diaphragm  2,  on  the  reverse  side  of  which  is  wound  the  spiral  tensometerio  sensor 
of  resistance  3. 

The  diameter  of  the  mica  diaphragm  Is  nearljr  $  mm;  thickness  is  0.012—0.050  mm. 

The  spiral  tensometerio  sensor  with  a  diameter  of  3  mm  is  wound  from  constantan 
wire,  0  0.03  mm,  and  has  a  resistance  of  100  ohm.  A  strain  gaugs  la  included 
In  the  bridge  input  oirouit  of  the  measuring  device,  which  consists  of  a  stabil¬ 
ised  power  supply,  an  electronic  multichannel  amplifier  and  an  oscillograph. 

The  described  heads  with  strain  transducers  have  fully  satisfactory  charaoter- 
Istlcs.  This  la  illustrated  by  the  osclUogi'am  presented  in  Fig.  10-11, b,  which 
was  obtained  on  a  special  calibrating  installation,  which  gives  trapesoidal  pulses 
of  pressure  of  various  magnltudeai  and  frequencies. 

As  was  shown  above,  one  of  the  most  important  charaoterlstlos  of  a  head  with 
a  transducer  is  the  natural  frequency  of  oscillation  of  the  elastic  system. 

Increase  of  the  natiu'al  frequency  of  the  transducer  and  increase  of  its  re¬ 
lative  sensitivity  may  be  attained  by  replacing  the  tensometric  principle  of  measure¬ 
ment  of  strain  in  the  diaphragm  by  a  capacitive  principle,  which  does  not  require 
placing  on  the  diaphragm  of  any  kind  of  additional  mass. 

In  the  Moscow  Power-JEnglneering  Inst,  have  been  developed  samples  of  quick-response 
heads  with  capacitive  transducers.  The  basic  circuit  of  the  converter  is  clear 
Aram  Fig.  10-12.  As  a  mobile  electrode  of  the  converter  oerves  a  mica  diaphragm  1, 
covered  with  a  thin  layer  of  aluminum.  The  fixed  electrode  2  is  completely  Isolated 
from  the  housing.  The  operating  diameter  of  the  diaphragm  is  5  mm.  The  anqpUfying 
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•Xtctronlo  olroult  !■  oonwnltntljr  located  dlraotljr  on  tha  holdar  of  the  haadf  ainoa 
thla  prarants  arrera  arlaing  froa  tha  rarlabla  oapaoltanoa  of  connaotlng  wlraa. 
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Fig.  10-11.  Tanacowtrio  head  for  owaiura' 
mnt  of  atagnatlon  praaaura  and  raaulta  of 
oallbration. 


For  aaaauranant  of  variabla  praaauraa  on  aurfaoaa  of  atraanllnad  bodlai 
Inductive  tranafomara  are  vary  widely  applied. 

In  aplta  of  tha  relative  ooeplaxity  of  their  daaign,  they  are  convenlant  due 
to  tha  fact  that,  with  tha  obiervanoa  of  certain  oonditiona,  they  can  oparata 
directly  on  tha  loop  of  tha  oaeiUogri^^  without  alaotronlo  attpllfiara. 

Inductive  tranafonaara  allow  ua  to  eaaaure  conatant  aa  well  aa  variabla 
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oonponant  pressuraai  .\va  espaclally  suitable  v>hen  many-polnt  remota  maaauraownta 
ara  ntoasaary. 


Flff.  10-13 •  Haada  of  alactrotharmoanamomatar 
(a;,  fundamantal  alaotrioal  oirouit  (b)  and 
an  oBclllogram  of  tha  pulsation  of  valooity  (o). 

At  tha  praaant  tins,  tha  bast  davalopad  mathod  of  Invastijtation  of  non-staady- 
■tata  gaa  flowt  Is  thamoanamomatry.  A  oomta»porary  thamoanamomatrlc  installation, 
allowing  tha  datarmination  of  pulsation  of  valooity,  tha  magnituda  and  diraotion 
of  valooity  and  tha  tamparaturo  of  tha  invaatigatad  flow,  is  qulta  a  oonpUoatad 
systam,  oonsisting  of  savaral  haada,  a  roaasurlng  bridga,  a  spaolal  alaotronio 
anplifiar  and  oaolllographa. 

Tha  haad  of  tha  thamoanamomatar  (Fig,  10-13, a)  oonsists  of  a  thin  (  0,0.01  to 
O.OB  m)  platinum  or  tungatan  wira  1,  waldad  to  two  nicltal  holdara  2,  which  ara 
currant  conductors. 


Th«r«  exist  two  main  fundamental  clrcxiits  of  the  measuring  system  of  themoane- 
BooMtmrs.  In  both  oases  the  head  (Fig.  10~I3,b)  is  connected  Into  one  of  the 
arms  of  the  bridge,  vhose  remaining  arms  are  made  from  resistances  which  are  not 
de})endent  on  temperature. 

The  bridge,  balanced  at  c  0,  becomes  unbalanced  upon  the  introduction  of 
the  head  into  a  flow  with  some  velocity  Cj  Balance  of  the  bridge  can  be  restored 
either  by  increase  of  the  current  with  the  help  of  the  rheostat  Ai.  or  compensa¬ 
tion  of  the  change  of  resistance  a.  vith  the  help  of 

The  first  method  is  called  "constant  resistance. The  more  wide-spread  is 
the  second  method— the  method  of  direct  current. 

During  measuremonts  in  non-stationary  flows.  Into  the  measuring  diagonal 
la  connected  an  electronic  amplifier  with  especial  selected  characteristic,  which 
allows,  within  definite  limits,  the  compensation  of  the  thermal  inertia  of  the 
filament. 

Thermoanemometers  allow  carrying  out  of  experiments  within  a  wlds  range  of 
velooitiea  and  frequencies  of  pulsation  of  gas  flows. 


At  high  velocities  In  the  field  of  flow  there  appear  significant  density 
gradients.  Ths  nonuniformity  of  flow  In  this  case  allows  ths  wide  application  of 
optical  methods  of  study.  In  certain  oases  nonunifonnltles  of  the  field  are  created 
in  the  flow  artificially  by  means  of  local  hsatlng.  With  euoh  a  method  of  visual¬ 
isation  optical  methods  can  be  applied  also  fur  subsonic  flows  of  low  velocities. 

Optioel  instruments  are  baaed  on  the  use  of  the  known  properties  of  l:.ght  rays, 
which  are  deflected  from  their  initial  direction  upon  passing  through  a  us<liun  of 
variable  density  and,  consequently,  variable  refracting  ability. 

If  n  is  the  index  of  refraction  of  light  rays  at  a  given  point  of  the  :*ie3xl. 


then  the  value  of  density  of  the  flow  at  ths  point  is  datsrminad  by  the 
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r«latloruihlp 


In*  — I 

Tn^ 


const. 


wtilch  oon  be  replaced  by  the  approximate  expression: 

n  —  I  w,  —  I 

""  h  ‘ 


<  const. 


(10-1) 


«riiero  ft,,  ii  are  the  index  of  refraction  and  density  at  a  certain  initial  point; 
usually  these  guantities  refer  to  standard  atmosphere  conditions  (t^  0"  0  and 

p^  »  760  nm  Hg  ). 

From  formula  (10«1)  it  foUovrs  that  the  field  of  densities  of  the  flow  will  be 
determined,  if  we  find  by  an  experimental  method  the  field  of  indexes  of  refraction 
of  light  rays  in  the  investigated  region.  Pressure  and  temperature  can  be  deter¬ 
mined,  if  two  more  equations,  connecting  the  parameters  of  flow  p,  t  and  are  known. 
For  this  purpose  serve  the  equation  of  state  and  the  aquation  of  an  isentropic 
process . 

Differentiation  of  equation  (lO-l)  leads  to  the  evident  relationships: 


and 


&*n 

3?' 


,  d*p 


3j^'  •  ' 


where  K  is  a  constant. 

Hence  ws  conclude  that,  depending  on  the  principle  of  action  and  the  setup  of 
optical  instruments,  either  the  first  or  second  derivative  can  be  used  for  direct 
measurement  of  density.  For  qualitative  study  of  flow  all  instruments  are  useful, 
without  regard  to  what  method  is  used  to  determine  the  field  of  densities  during 
quantitative  investigation.  However,  the  accuracy  and  clarity  of  the  obtained 
qualitative  picturo  of  flow,  and  also  the  accuracy  and  labor-consuming  character  of 
processing  of  the  results  of  qualltstlvs  analysis  essentially  depend  on  the  setup 
and  design  of  the  Inetrument. 

The  simplest  are  optical  system  in  which  the  ehadow  method  of  dsteimination  of 
densities  is  used.  The  diagram  of  such  a  mechanism  is  shown  in  Pig.  10-ltf,a. 

A  diverging  beam  of  light  from  eourcs  S  passes  through  lens  L  and  becomes  parallel. 


Th«  parallel  beam  erossaa  the  air  flow,  In  which  model  A  ie  located,  and  falls 
on  the  aereen  or  photographic  plate  J«  During  flow  around  the  modal  there  appear 
danaity  gradients.  Thus,  for  example,  if  the  flow  line  1-2  crosses  the  bow  shock 
nea^  the  model,  then  the  density  in  the  zone  of  intersection  changes  intermittently 
(Fig.  10-lA,b).  In  this  case  and 

In  those  points  of  the  field,  where  >^Ays  of  the  parallel  beam 

disperse  and  on  the  screen  a  dark  region  will  be  formed.  There,  where  rays 

converge  and  the  illumination  on  the  aecreen  is  increased.  At  point  1  Fig.  10-14, b 
d'p/di*>0.  and  at  point  2  Hence,  it  follows  that  the  image  of 

the  bow  shock  for  the  model  will  consist  of  two  lines,  black  and  white  located 
next  to  each  other.  In  the  simplest  case,  the  shadow  method  can  be  realized  in 
the  diverging  beam  of  light  (without  a  lens).  This  laethod,  simpler  and  cheaper, 
finds  application  during  the  study  of  shocks  in  the  flow. 

The  other,  ttie  more  sensitive  and  accurate  optical  instrument  which  allows 
the  measurement  of  the  first  derivatives  of  density,  is  based  also  on  the  shadow 
method.  In  this  instrument,  rays,  before  falling  on  the  screen,  are  focused  to 
a  point,  to  which  is  brought  a  blade.  In  the  presence  of  nonuniformity  in  the 
flow,  the  point  of  focusing  of  part  of  the  rays  will  be  displaced  and  will  hit  the 
blade,  idiich  does  not  prevent  their  further  propagation.  As  a  result,  the  picture 
formed  on  the  screen  will  have  greater  contrast  than  in  the  almple  inatrument 
(Pig.  10-14). 

Wide  use  has  been  received  by  mirror  system  of  shadow  optical  Inatrumsnts.  The 
most  perfect  is  the  Instrument  with  a  mirror-meniscus  aystem  propoeed  by  p;*of. 

D.  D.  Kaksutov  (Pig.  10-15).  From  the  source,  the  beam  of  light  passes  th'ovgh 
a  condenser  K  and  a  slot  D.  The  flat  diagonal  mirror  changes  ths  dirso  ion  of 
ths  rays,  Raya  hit  the  concave  spherical  mirror  Sg,  which  transforms  ths  divsrglng 
betun  of  light  into  a  parallel  beam.  Spherical  mirror  together  with 
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Pig.  10~1A.  Diagram  of  shadow  method, 
a  dispersing  meniscus  lens  L  |Wlll  form  mlrror-menlsous  system. 

tiL 

This  part  of  the  apparatusi  consisting  of  the  Illuminating  assemblyf  mirror 

S  and  lens  L  ,  makes  a  parallel  beam  of  light  and  Is  called  a  coHlmator. 

*  1 

The  receiving  part  of  the  Instrument  is  made  up  of  the  meniscus  lens 

spherical  min*or  S  ,  flat  diagonal  mirror  S  ,  blade  H,  rotating  mirror  S  •  screen 
3  4  5 

I  and  photoattaohment  ai  •  The  rotating  mirror  in  the  illuminating  assembly 
serves  for  control  of  focusing  of  the  slot. 

In  order  that  the  source  of  light,  which  must  be  on  the  optical  axis  of  the 
system,  does  not  close  the  center  of  the  field  of  the  image,  the  optical  axis  of  the 
system  Is  displaced  to  its  edge.  Therefore  the  system  is  asymmetric  with  respect  to 
the  geometrical  axis,  which  one  may  readily  see  in  Fig,  10-15. 

The  main  advantage  of the  mirror-meniscus  system  consists  of  the  fact  that 
at  identical  candle-power,  it  hao  significantly  smaller  spherical  and  chromatic 
aberrations  as  compared  with  the  lens  system. 

Thus,  in  the  considered  system,  the  main  subassemblies  aro  the  main  optics  of 
the  apparatus  (mirror-meniscus),  the  illuminating  assembly,  the  actuating  mechanism 
of  movement  and  change  of  the  slot  and  focusing  of  the  source  of  light  and  the 
mechanism  of  movement  of  the  blade  with  the  photoattachment. 

In  the  process  of  experiment,,  work  with  tlus  apfxiratus  reduced  to  oporntion 
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Pig.  10-15 •  Diagram  of  mirror-meniscus  Instrument 
of  D.  D.  Maksutov » 

photoattachmant  and  the  mechansim  of  movement  of  the  blade « 

As  the  source  of  light  different  Illuminators  can  be  applied,  including  the 
mercury  arc  lamp,  motion  picture  projection  lamp,  spark  discharger  and  so  forth#  In 
a  number  of  cases  the  oonaecutive  use  of  two  Illuminators  turns  out  to  be  expedient. 

During  qualitative  study  of  flow,  the  main  problem  consists  of  correct  selection 

I 

of  the  degree  of  intensity  of  Illumination  of  the  field,  which  depends  on  the 

I 

dimensions  of  the  slot,  the  position  of  the  blade  and  the  type  of  Illuminator,  The 
highest  intenei(,y  of  illumination  occure  for  the  maximum  slot  and  withdrawn  blade. 

It  is  necessary,  however,  remember  that,  with  Increase  of  the  degree  of 
illumination,  the  sensitivity  of  the  instrument  deoreaeos.  Therefore  the  region  of 
flow  with  small  density  gradients  should  bo  photographed  at  small  dimsnslons  of  the 
slot  and  with  the  blade  introduced  Into  the  beam  of  light.  If  the  main  interest 
is  the  investigation  of  a  system  of  shocks,  then  the  dimsnslons  of  the  slot  are 
increased. 

The  location  of  the  blade  relative  to  the  studied  object  has  an  importunt 
significance  also.  Depending  upon  the  position  of  the  blade,  (horizontal,  'ertical 
or  diagonal)  beams,  passing  through  a  nonunlform  field  and  being  deflected,  can  be 
stopped  by  the  knife  or,  on  the  otherhand,  pass  to  the  screen.  In  the  firsi  case 
nonuniformity  appears  on  the  screen  as  dark,  and  In  the  second  as  light,  DtJlnition 
of  the  thoreforo  io  kept  the  onmo.  The  bent  rnnii.lt, n  arc  obtainod  v/hni  tho 


•dge  of  the  knife  is  located  normal  to  the  directi  .on  of  tho  maximuin  density 
gradient. 


Thus,  the  type  of  illuminator,  dimension  of  the  slot  and  position  of  the 
blade  must  in  each  separate  case  be  found  by  selection  which  depends  upon  the 
flow  regime,  the  object  and  the  problem  of  the  investigation. 

During  quantitative  investigation  of  flow,  the  blade  turns  out  to  be  unsuit¬ 
able,  since  it  stops  the  beams  and  does  not  allow  measiu'dment  of  the  angles  of 
deviation,  which  are  necessary  for  determination  of  the  field  of  refractive  indices. 
In  this  case  dlaphragming  of  the  beam  of  light  is  produced  by  a  thin  filament.  Such 
a  method  of  quantitative  investigation  with  the  help  of  the  optical  apparatus 
received  the  name, ''the  method  of  filament  and  slot." 

For  direct  maaaurement  of  the  field  of  densities  of  the  stream  the  optical 
instrument  known  by  the  name  of  interferometer  is  applied.  The  principle  of  action 
of  the  interferometer  can  be  comprehended  from  consideration  of  the  diagram  pre¬ 
sented  In  Fig.  10-16. 


Fig.  10-16.  For  explanation  of 
the  principle  of  action  of  tho 
interferometer . 


m.lrror  find  P^,  st,r:lko  nnrf'rm  '.V 


The  in8tr\uaent  consists  of  two  re¬ 
flecting  mirrors  and  and  two  semi¬ 
transparent  mirrors  p  and  P  located  at 

3l  2 

the  corners  of  a  rectangle  at  an  angle  of 
45^ •  Let  us  consider  at  first  the  case 
when  the  surfaces  of  mirrors  are  strictly 
parallel.  The  diverging  beam  of  light 
from  source  S  passes  through  lens  L  and 
becomes  parallel.  Rays  of  the  parallel 
beam  are  divided  during  passage  through 
the  semitransparent  mirror  P^.  Part  of 
the  rays  ACE'  pass  through  tho  semitrans¬ 
parent  mirror  and,  being  reflected  from 
rf.  I.  Tliw  oll.'T  ji'M'i.  r'T  1  rr'v" 


r«flected  frca  P  and  S  and,  passing  through  mirror  P^,  strike  the  same  point  of 
the  screen  I  (trajectory  of  this  beam  is  AEA'C'I).  Reflection  of  the  raya  will 
occur  also  at  points  C  and  B  (rays  CB  and  BD)  and  C  and  B'  (rays  C'B'  and  B'D') 
of  the  semitransparent  mirrors.  These  rays  strike  the  screen  at  point  K*  Consequent]^ 
the  part  of  the  rays  striking  point  I  pass  through  the  semitransparent  mirrors 
(P  ,  P  )  once,  but  that  part  which  strike  point  K  pass  through  P,  or  P«  twice. 
Therefore,  at  point  K  the  Intensity  of  light  will  be  lower. 

Since  all  four  mirrors  have  parallel  surfaces,  the  length  of  the  optical  path 
(product  of  the  trajectory  of  the  ray  by  the  index  of  refraction)  of  both  beams 
striking  point  I  will  be  identical.  In  this  case  the  screen  will  be  evenly 
illuminated. 

The  character  of  Illuminance  of  screen  abruptly  changes  if  the  mirrors  (S^  or 

S  )  are  turned  by  some  small  angle  with  respect  to  the  axis  perpendicular  to  the 
2 

plane  of  the  drawing.  In  this  case  the  length  of  the  optical  path  of  one  of  the 
beams  reflected  by  the  corresponding  mirror  and  5^  and  striking  in  point  1 

changes.  As  a  result  there  occurs  interference  of  the  rays  meeting  at  point  1,  due 
to  the  fact  that  part  of  the  rays  extinguish  one  another,  and  there  will  be  formed 
intermittent  dark  and  light  bands-s-  on  the  screen,  located  at  some  identical  distance 
a  from  one  another  (Fig.  10- 17, a). 

If,  between  mirrors  P^  and  S^,  is  located  the  investigated  field  R,  whose  density 

f  differs  from  the  density  of  the  medium  between  P  and  S, ,  then,  due  to  the 

2  2 

change  of  the  optical  path  of  beam  CE*  the  difference  of  path  of  beams  CK'  and  EA* 
will  change.  In  this  case  the  interference  bands  will  be  displaced  by  sone  distance 
parallel  to  themselves  (Fig.  10-17,b), 

Tiio  .magnitude  of  displacement  of  the  interference  bands  is  determined 

*Rays  striking  point  K  also  interfere  with  each  other j  however,  as  it  was 
sh'jwn,  tine  to  the  considerably  smaller  intensity  of  light  at  point  K,  the  inter¬ 
ference  hero  will  bo  weaker.  By  a  small  supplement  to  the  design  of  the  Irstrument, 

It  ifl  possible  to  exclude  it. 


by 


(1.0-4) 


Mhera  1  and  1'  are  lengths  of  the  optical  path  of  the  beam  in  media  with  densities 
t  and  f'  respectively. 

Hence  we  obtain  the  difference  of  densities: 

8 

P  —  f  Q  • 

Where  ^  quantity  depending  on  the  conditions  of  the  experiment: 

the  angle  of  rotation  of  the  mirror,  density  /  and  the  refractive  index  of  wdium  n ' . 

Values  of  .m,  e  and  q  are  deterndned 
in  the  course  of  the  experiment. 

In  those  eases  when  the  investigated 
field  is  characterised  by  a  nonuniform 
distribution  of  densities,  displacetoent 
of  the  Interference  bands  will  be  different 
on  various  sections  of  the  screen;  as  a 
result,  the  bands  will  be  curved.  Thus 
the  lines  of  Identical  displacements  of 

the  bands  of  interference  (  iiu  “  const) 
correspond  to  lines  of  constant  density  (  p  —  p'  »  const)  in  the  investigated  region. 
Thus,  the  principal  of  action  of  the  interferometer  is  based  on  measurement  of  the 
differences  of  lengths  of  the  optical  paths  of  the  light.  The  Interference  method 
allows  a  detailed  Investigation  of  the  structure  of  flow  in  interblade  channels  of 
cascades  and  with  cuffieiontly  high  accuracy  to  dstsrmlne  quantitative  charaoterisiies 
at  all  points  of  the  field  of  flow. 

With  the  help  of  the  interferometer,  it  is  easy  to  establish  the  change  of 
thickness  of  the  boundary  layer  along  the  profile,  and  also  the  position  of  points 
of  separation  of  the  layer.  Thia  instnmient  allows  us  to  separately  determine 
frictional  losses  and  edge  and  wave  losses  in  two-djnnn.nlonal  cascades. 
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Fig.  10-17.  Schematic  dia¬ 
gram  of  interference  spectn 


Fig*  10-18*  Interference  photograph 
of  flow  of  gas  In  a  turbine  cascade 
(experiments  of  Central  Scientific 
Research  Institute  for  Boilers  and 
Turbines), 

As  an  example,  in  Fig.  10-18  is  presented  an  interference  photograph  of  flow 
in  a  turbine  row*  Comparison  of  the  pictures  of  the  distribution  of  pressures  along 
the  contour,  obtained  by  pneumometric  ard  interference  methods  shows  good  agreement 
of  results  of  the  optical  measurements  with  the  data  of  direct  measurements. 

The  design  of  the  interferometer  by  means  of  a  small  addition  allows  us 

simultaneously  to  obtain  interference  and  shadow  photographs  of  flow  spectra.  With 

this  goal,  it  is  possible  to  Introduce  one  more  semitransparent  mirror  (Fig* 

10-16)  into  the  design  of  the  Instrument,  Then  part  of  the  raya  reflected  by  the 

mirror  Py  will  give  a  shaoow  image  of  the  spectrum  on  the  screen  at  point  T*  The 

other  part  of  the  raya,  passing  through  mirror  P  ,  will  be  reflected  by  mirror  P  Just 

3  * 

as  in  the  usual  design  of  the  Instrument* 

10-4*  Installations  For  Investigation  of  Cascades 
Under  Static  Conditions 

Tests  of  stfdlonary  rows  are  carried  out  on  Installations  of  various  types. 


whose  design  and  construction  art*  determined  by  the  problems  of  the  Investigation 
and  the  adopted  method  of  experiment. 


lasts  under  static  conditions,  as  already  was  indicated,  are  carried  out  for 
the  purpose  of  comparative  evaluation  of  cascades  and  for  study  of  properties  of 
the  physical  process  of  flow  around  different  cascades.  Obtained  experisMntal 
characteristics  in  certain  oases  can  be  used  also  for  thermal  deelgn  of  the  stage. 

For  determination  of  characteristlce  and  for  investigation  of  tha  structiure 
of  flow  in  the  cascade  various  methods  of  aerodynamic  experiment  are  used.  In 
these  are  included  the  following: 

A.  Methods  of  study  of  the  spectrum  of  flow,  including;  1)  measurements  of 
the  field  of  flow  In  oharacterdstio  sections  of  the  cascade  by  heads  and  also  by 
various  electrical  instruments  which  establish  the  total  and  static  pressure,  total 
stagnation  temperature,  direction  of  velocity  at  the  point;  2)  study  of  the  field 
of  density  by  optical  methods  (shadow  and  interference);  3)  visualization  of  flow 
by  means  of  mixing  of  foreign  particles. 

B.  Msthods  of  study  of  flow  at  t^e  boundarlas  of  profile.  Including;  1) 
neaeurement  of  ten^wraturea  and  presaurss  on  the  surface  of  ths  profile  of  ths 
blade  by  means  of  draining  ;  2)  study  of  the  velocity  profile  in  the  boundary 
layer  with  the  help  of  micro-tube  or  electrical  instruments;  3)  visual  investigation 
of  ths  structure  of  the  boundary  layer  on  the  profile  by  means  of  oolorli\g  the 
exurface  of  the  blade. 

C.  Methods  of  force  measurement  including;  1)  determination  of  the  total  im¬ 
pulse  of  flow  after  the  cascade;  2)  determination  of  forces,  acting  on  the  cascade  as  a 
whole  and  on  an  individual  blade  in  the  infinite  cascade  with  the  help  of  special 
scales . 

D.  Methods  of  study  of  non-steady-state  procesies.  connected  with  flow  around 
a  separate  blade  or  cascade.  Oscillations  of  a  streamlined  profile  are  investigated, 
also  pulsation  of  vsloeities,  pressures  and  temperatures  of  the  clroumflueni  flow. 

Without  dwelling  on  the  comparative  evaluation  of  different  methods  of 
invosiigation,  let  us  noto  that  thoir  xme  in  ono  is 
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unpractical.  Raaliaation  of  auch  a  requiramant  makes  the  installation  universal, 
but  It  is  struoturali^  too  complicated,  expansive  and  inconvenient  in  operation. 

It  is  neoessary  to  consider  that  to  the  diagram  and  design  formulation  of 
the  installation  are  presented  additional  requirements,  stipulated  by  design  para- 
maters  of  the  investigated  cascades  and  gas-dynamic  parameters  of  flow  before  the 
cascade  and  after  it.  Thus,  in  the  investigated  cascade  there  can  change  the  form 
of  the  profile,  pitch  and  height  of  the  blades  and  the  angle  of  their  setting.. 

The  most  Ijqportant  gas-dynamic  parameters  are  the  angle  of  the  flow  onto  the 
cascade,  whose  change  must  be  anticipated  in  any  installation!  velocity  of  flow 
after  the  cascade  (or  at  the  inlet  into  the  cascade  M^)  end  Reynolds  number  Re. 
Also  in  a  number  of  oases  it  is  necessary  to  provide  for  a  separate  study  of  the  in¬ 
fluence  of  compressibility  and  viscosity  on  the  oharactaristlcs  of  the  cascade  by 
means  of  independent  change  of  numbers  M  and  Re.  The  range  of  change  of  reglasss 
is  dictated  in  the  final  result  by  the  given  conditions  of  the  experiment  and  the 
requirements  of  practical  modeling. 

Among  the  latter,  except  for  the  obvious  conditions  M  idem  and  Re  »  idemi 
are  included  the  special  requirements  for  the  organisation  of  flow  before  the  cas¬ 
cade  ,  In  certain  oases  it  turns  out  to  be  neoessary  to  Introduos  artificial 
turbullsation  of  the  flow,  in  others— to  thoroughly  equalise  the  flow  at  the  inlet, 
and  also  to  provide  the  conditions  of  flow  around  the  infinite  cascade. 

The  statements  above  show  that  the  fundamental  diagrams  and  design  forme  of 
installations  for  static  tests  of  oascaiss  can  be  classified  according  to  objects 
of  investigation  (installations  for  tent  of  flat  or  cylindrical  cascades),  according 
to  Conditions  of  testing  of  cascades  (installations  with  open  moving  part  or  with 
chamber  of  oounterpressure  for  testing  in  uniform  or  turbulent  subsonic  or  super- 
•onic  flow  at  the  inlet)  and  according  to  the  adopted  method  of  investlgat;  on 
(inata Hat ions  for  detailed  study  of  aerodynamic  fields,  for  determination  of  forces, 
aot.inf';  on  a  profile  in  tho  oaeonde  for  invontlgation  of  canondoa  by  option'  mnthods, 


Pig.  10-19.  Pund«meint«.l  diagram  of  wind  tumial  for 
■tatie  invastigatlon  of  flat  and  annular  oasoades. 

1-air  inlflt;  2-annular  ohambar}  3~grld;  4-iMior  of 
i  5-ittatar  of  Mipi;  6-oallbration  maohonismt  7- 
baaringj  8  and  13-8h«ll{  9~ll-8®al;  lO-invaatigatad 
oaaoada;  12H3oordlnator{  lA  and  20-axhau8t  ohambar; 

15«dataohable  flange;  lo-noaale  of  flat  bank)  17~ 
flat  bank;  18-fiald  of  coordinator;  19-diffu8ar) 

2lHihaft;  22-thru8t  baarlng. 

It  l8  poaaibla  to  olatslf;^  installatlona  also  dapanding  upon  the  applied  working 
fluid  (jtaam,  air,  .itaam-air  and  othora)  and  tha  method  of  organiaation  of  the 
working  flow  (Installations  with  axooss  or  atmoapharlo  inlet  prasoura,  ajaotor  dn- 
atallations,  steam  Installations,  operating  with  a  condenser). 

Laboratory  stands  should,  as  a  rule,  inolude  several  experimental  installations. 
In  this  case  tha  number  of  problsros  solved  on  each  installation  is  limited  by  its 
design,  adopted  by  the  method  of  inysstlgatlon  and  maximum  values  of  the  parameters 
of  tha  working  fluid. 

Na  will  oonsider  tha  basic  sehames  of  oartaln  tasting  installations.  In  Fig. 
10-19  is  prasanted  a  diagram  of  a  wind  tunnel,  in  which  Is  provided  tha  possibility 
of  simpla  replacement  of  moving  parte.  Air  from  the  uompraeaor  moves  into  tha 
tunnel  through  tha  duct  1  and  arrives  in  the  annular  chamber  2.  Passing  through 
cone  3,  which  has  a  large  number  of  apertures,  the  air  poos  into  the  receiver  and 
flows  around  tho  invontigatod  anmilar  rov  10.  Tho  cljrdation  of  flovr  nt 

CIO 


th«  Inlet  into  the  inveetlgated  row  is  created  by  lip  with  guide  cascade  6.: 

The  investigated  annular  package  is  fastened  to  a  flange  of  the  shaft  21,  in¬ 
stalled  in  the  ball  support  bearing  7  and  eupport-thruet  bearing  22.  Axial  force 
through  the  bearing  22  is  transmitted  to  the  elastic  element  k,  and  torque  from 
the  shaft  on  the  housing  is  transmitted  through  the  symmetrical  elastic  elements  5« 
On  the  elastic  elements  are  fastened  wire  strain  gauges,  with  the  help  of  whioh 
torque  and  axial  force  are  determined  with  euil'lciant  accuracy. 

Row  10  li  supplied  with  a  seal  into  the  chamber  11  of  which  moves  air  under 
presoure  equal  to  the  pressure  in  tne  receiver.  Thus,  overflow  from  the  receiver 
into  the  exhaust  chamber  is  removed  and  the  flow  passing  through  row  10  is  equal 
to  BMasured  flow  through  the  duct  1*  Such  a  determination  of  flow  is  necessary 
with  the  application  of  a  method  of  force  measurement.  For  increase  of  the  accuracy 
of  measurement  of  snd  p.  there  is  provided  the  special  calibrating  mechanism  6. 

. For  Investigation  of  the  field  of  flow  before  the  row  and  after  it  are  used 
heads,  moved  by  an  automated  transverslng  gear  12. 

During  Investigation  of  the  annular  row,  flange  15  is  absent  and  air  is 
expelled  into  the  exhaust  box  20. 

If  Investigations  of  rows  in  a  flat  bank  aro  necessary  the  annular  bank  10, 

6,  13  and  seal  9  are  removed.  Flange  15  is  Inetalled  end  on  it  the  flat 
moving  part  of  the  needed  design  with  nosals  16,  the  investigated  row  17,  the 
traneverse  gear  Id  and  the  diffuser  19. 

Moving  parts  for  the  inveetlgetion  of  flat  banks  have  different  desigir  formula¬ 
tions.  In  Fig.  10-20  is  preeented  the  general  form  of  one  of  the  moving  jiarte  for 
the  flat  row. 

Here  the  upper  wall  of  noeale  .5  by  bolta  6  le  imnovably  fastened  to  the  housing 
3  so  that  its  trailing  edge  ooinoldes  with  the  common  axle  of  the  two  dia)<8  8,  0. 
Disks  d  with  tha  hslp  of  inserts  7  ore  immovably  nnd  coaxially  fastened  together. 

Tho  lower  wall  of  noP.alo  A  by  slldlnn  keys  10  ond  sorewa  1.1  is  faatonod  i:.o  vertioal 


•Ildar  1,  fastanad  with  housing  3  by  screw  2. 


Moving  wall  A  relative  to  slider  1  and  the  slider  relative  to  housing  3,  it  Is 
poaslbla  to  change  the  distance  OC  within  the  limits  of  CB  for  a  given  angle  of  In¬ 
let  depending  upon  the  length  of  the  investigated  bank.  Change  of  the  inlet  angle 
la  produced  by  turn  of  disks  B  relative  to  the  body  3.  The  coordinator  after  the 
row,  rigidly  fastened  with  disks  d,  ensures  four  independent  movements  of  the  nozzles 
linear  movement  in  directions  of  axes  xyz  and  turn  around  axis  a* 

Three  of  these  movements  (in  direotions  x  and  £  and  turn  around  axis  s),  are 
realised  by  electric  motors,  remotely  oontrolled  by  the  operator  by  a  given  program. 

On  inatalUtlons  of  the  considered  type  rows  can  be  tested  in  uniform  or  tur« 
bulent  flow.  For  the  purpose  of  artifiolal  turbuUzatlon  of  flow  in  the  paz‘allel 
section  before  the  row  It  is  possible  to  plaos  ths  turbuHaing  grids.  Depending 
upon  ths  density  of  ths  grid  (dimensions  of  osUs)  and  dlamstsr  of  tubing  during 
constant  spaed  of  flow  there  con  be  obtained  a  different  degree  of  turbulenos  before 


ths  row. 

Along  with  the  oonsldered  dlagrame  of  installations  whloh  operate  with  excess 
prsssurs,  application  of  the  diagram  with  atmospheric  pressure  in  the  preohamber 


Fig.  10-20.  Flat  moving  part  with  variable 
length  of  bank  and  automatio  transverse  gear 
(transverse  oection). 

l-8lidor,‘  2,  6  and  il-aorov?j  3-hounl.nfT5  4  and 
5-nozz3ej  V-inf-’irtn ;  O-di.'Jlr}  fM-ph  ■  nt, 

in-kny, 


!■  found,  including  the  inatellAtion  of  the  ejector  type.  In  euch  inatellatione 
Air  la  aucked  into  the  preohanber  from  the  Atmosphere,  is  accelen'.ted  in  a  nosa'ie 
and  directed  to>Ard  the  row.  Flow  in  the  row  ia  induced  by  the  ejector.  Such  an 


Installation  operates  with  open  flow  and  allows  the  attainment  or  low  preasurea 
after  the  row  (and  correspondingly  low  Reynolds  nvmbers  Re). 

The  presented  short  survey  shows  that  the  number  of  posslblt.  designs  of  installa¬ 
tions  for  static  tests  of  cascades  is  quite  large.  Selection  of  tne  or  the  other 
design  is  determined  by  the  problems  of  the  experiment,  and  at  th,  basis  of  com¬ 
parison  of  different  set-ups  oonalderatlons  of  economy  and  the  r«iuirement  of  the 
theory  of  modelling  should  be  mode. 

Considering  the  earlier  designations,  it  is  possible  to  writ;  the  expressions 
for  numbers  M  and  Re  in  the  known  form: 


_  *  ^ 
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where  L  la  the  charaoteristlo  linear  dimension;  p,  T,  o  are  paramel'tra  of  flow  in 
the  working  part  of  the  installation  (after  the  row). 

We  will  exclude  spaed  c  from  the  expressions  for  M  and  Re;  then 

(10-5) 

We  will  designate  K  as  the  coefficient  of  quality  of  the  ins'.allatlon, 

y 

determined  as  the  ratio  of  the  povyer  of  the  flow  to  the  required  p  wer  of  the 
compresBor  in  the  working  seotlon  of  the  installation.  The  requlr  1  power  of  the 


oompressor  is  determined  by  the  formula 


s  & 

—  '  M Re». 


(10-6) 


In  equations  (lO-$)  and  (10-6)  K^and  are  constants. 

From  formula  (10-6)  it  follows  that  for  identical  paramsters  o.  the  gas  (  [p  and 

T)  the  dimensions  of  the  installation  In  the  working  seotlon  are  Iju  j'sased  proi>ort- 

ionaJ.  to  the  ratio  Ro/M,  With  increase  of  pressure,  the  dimensions  i.if  the  iistallation 

2 

are  roducod.  The  power  of  the  Installation  is  proportional  to  MRo  • 


.Incron.no  of.'  t.lio  ooof fjclont  of  (I'lnl -1  t.y  of  tho  inntal.int.-l n:i  K,  :1.  ■  '  ty 
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fflaans  of  introduction  of  a  diffuser,  lowering  of  losses  in  the  installation  and  use 
of  a  oonpressor  with  high  efficiency  within  limit  of  the  operating  regimes. 

With  the  help  of  formulas  (lO*^)  and  (10-6)  it  is  possible  to  compare  two 
designs  of  installations  which  are  different  in  prl*<ciple:  with  excess  and  with 
atmospheric  pressure  in  the  prechamber. 

During  maintenance  of  the  similarity  simultaneously  of  M  and  Re,  the  power  of 
the  installation  with  atmospheric  pressure  Is  significantly  larger  than  the  power 
of  the  installation  with  excess  pressure.  At  the  same  time,  in  the  first  case  the 
dimensions  of  the  Investigated  models  also  Incrtasa,  which  is  eidpeolally  important 
during  investigation  of  the  boundary  layer  in  the  row.  The  installation  with  sxoess 
pressure  can  operate  with  a  chamber  of  counterpressure  and  with  an  open  working 
part.  In  the  latter  case,  the  technique  of  experiment  is  significantly  simplified. 

Consequently,  in  installations  with  excess  pressure  it  Is  posslbls  to  carry 
out  a  separate  investigation  of  the  influence  of  compressibility  and  viscosity  st 
the  tins  that  in  installations  with  atmospheric  pressure  in  the  prechamber  separate 
modeling  is  unrealiaable .  For  small  values  of  M,  the  economy  of  both  designs  is 
Identical. 

Thus,  we  see  that  installations  with  excess  pressure  in  the  prechamber  in  the 
general  case  (similarity  of  M  and  Re)  possess  high  eoonomy  and  are  more  universal. 
They  have,  therefore,  the  wider  use.  In  certain  oases,  however,  installations  with 
atmospheric  pressure  are  more  economical  (If  the  influence  only  of  compressibility 
is  investigated)  and  are  the  only  possible  solution.  Only  by  suoh  a  design,  for 
example,  can  the  steam-air  installation  with  steam  ejector  operate. 

10-5.  Experimental  Turbines 

Experimental  investigation  of  ths  oharaoteristlca  of  a  turbine  or  oompressor 
stage  is  carried  out  on  special  experimental  turbines  or  compressors. 

The  stand  of  tho  oxporlmontnl  iurbino  oonniatn  of  tho  tnrbinc,  cm  elootrlo  or 

hyrlrni)  VI  n  i- .  ' fH'-’  •  •'■1"  1,'  •  1  ("''.'■•■''i  ■"  ’  ■  '  '  ' 
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of  moaaurlng  devices. 

In  oeri"ln  otses  the  turbine  and  load  mechanism  are  structurally  consolidated. 

In  installations  of  high  power  the  turbine  and  load  mechanism  are  usually  separate 
and  are  connected  by  a  coupling. 

A  general  and  very  important  requlreiMnt  made  of  the  load  mechanisms  of  ex¬ 
perimental  turbines  Is  the  possibility  of  maximum  accuracy  of  measurement  of  torque 
on  the  shaft  of  turbine.  The  poaslbillty  of  measurement  of  the  axial  force  of  the 
rotor  is  desirable. 

An  experlsMntsl  turbine  must  provide  the  possibility  of  testing  of  stages  with 
different  gecmetrlcal  dimensions,  reliable  operation  In  a  wide  range  of  numbers  of 
revolutions,  convenient  and  correct  arrangement  of  the  measuring  equipment  and 
■Impliolty  of  assembly  operations. 

In  principle  it  is  possible  to  design  a  universal  experimental  turbine  pro¬ 
viding  for  tests  of  separate  stages,  as  wall  as  groups  of  them  and  work  with  differ¬ 
ent  revolutions,  allowing  testing  of  models  of  control,  intsrmsdiate  and  last  stages. 
However  design  end  operation  of  such  a  machine  will  be  very  complicated  and  its 
crestlon  is  hardly  advise ble.  Obviously,  it  is  mors  rational  to  have  several 
experimental  machines,  each  of  which  is  oriented  to  the  investigation  of  definite 
types  of  stages. 

In  Fig.  10-21  as  an  example  is  presented  the  longitudinal  section  of  a  high 

speed  experimental  alr-drivan  turbine,  intended  for  detailed  investigation  of  stages 

with  relatively  long  blades  (  0  “  d/l  ■»  2.8  -  4.5).  The  turbine  is  designed  for 

a  maximum  flow  rate  of  air  0  ••  4.5  kg/ssoj  T^  "  200*0  at  a  maximum  prsssuru  Pq  "  3 

atm  (abs)  and  n  ••  20,000  rpm. 
max 

The  receiver  part  of  the  turbine  1  is  welded  without  a  horlsontal  spl.t.  Air 
moves  through  duct  2  into  the  annular  chamber  3,  from  where  it  goes  througli  per¬ 
foration  18  uniformly  into  air  box  19.  For  organization  of  flow  before  th«  guide 

ro\{  nerve  the  falrlnga  20  and  tho  row  of  platon  21,  which  allow  chanro  c )'  the 
onr  lo  rtf'  entry  into  tlin  foitiln  rr;'',  Tlio  lioonliif  ol‘  t.l  i  !■'  ■'''  I '• 
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horl»ontal  split.  Air  passing  through  tha  working  part  is  ejected  through  the 
exhaust  duct  37.  The  operation  of  the  machine  as  an  experimental  turbine  or  wind 
tunnel  for  the  investigation  of  annular  rows  is  stipulated  by  design. 

The  design  allows  measurement  of  torque  and  axial  force  on  the  rotor  wheel, 
as  well  as  on  the  guide  apparatus.  The  latter  is  fastened  onto  the  hollow  shaft  17. 
The  front  ball  bearing  of  the  shaft  does  not  receive  an  axial  load.  The  axial  load 
Is  received  by  the  rear  thrust-support  bearing  13  and  is  transmitted  through  the 
spherical  insert  14  to  the  elastic  element  1$. 

Torque  is  transmitted  through  the  key  8  to  the  three-beam  measuring  coupling 
9,  two  elastic  symmetrical  beams  of  which  6  are  intended  for  measurements  of 
torque  and  one  rigid  beam  10  of  which  is  for  calibration  of  the  measuring  coupling. 

So  that  friction  in  the  contacts  of  elastic  beams  of  the  measuring  coupling 
does  not  Introduce  error  in  the  msasurement  of  axial  force,,  the  contact  la  realised 
through  the  needle  bearing  in  the  sphailcal  housing  3.  Torque  la  transmitted 
through  the  ring  12  to  the  worm  pair  4.  For  measurement  of  torque  and  axial  force 
on  the  diaphragm  electrical  resistance  tensometers  glued  on  flexible  elemente  6 
and  15  are  applied. 

The  measuring  device  of  the  described  machine  allows  us  easily  to  conduct 
calibration  in  the  process  of  the  experiment,  and,  if  necesear/,  before  each 
measurement* 

If  necessary  highly  accurate  meohanloal  or  optioal-meohanioal  indicators  can 
be  applied  simultaneously  with  the  tensometers  for  measurement  of  m,.^  and  p„  . 

The  rotor  wheel  23  of  the  experimental  turbine  is  made  with  a  flanged  attach¬ 
ment.  The  shaft  is  flexible,  rotating  in  special  precision  roller  bearings.  The 
load  mechanism  is  a  Blngle>Kllsk  hydraulic  brake  of  cantllevor  construction.  The 
question  oonoemlng  measurement  of  the  moment  of  friction  in  bearings  is  epeolflc 
for  experimental  turbines.  In  a  number  of  exleting  machines  the  moment  in  the 
boaringo  in  general  is  not  monsurod,  and  into  the  design  thoro  is  introduced  n 
correction,  ott^'hir  fl  cn  l.lio  h"'in  o*'  (•■•'‘i  .  Hi-.-.-- v"  ”  I’f”  .■'Ofr".-)  < . ■' 


Pig.  10-21.  High  «peed  air-driven  experimental  ivirblne  of  the  Moscow 
Power-JSnglneerlng  Ihst.  with  aeaswement  of  and  on  the 
diaphragm  and  rotor. 

1-aM  25-houaing;  2-adniis8ion  duot}  3-annular  chaiuberj  4-tum  actuating 
unit  of  noaale  apparatus;  5-needle  beai'ing;  6-elastio  beam  of  scales 
"kp  ;  7-toothed  wheel;  8-key;  9-ineaeurlng  coupling;  10-rlgid  beam 
of  measuring  coupling  M,p  ;  ll-eocentric ;  12«ring;  13-bearing}  14- 
spherical  insert;  IS-elastic  element  of  scales;  l6-3eal;  17-shaft  of 
diaphragm;  18-casoade;  19-reoeiver;  20-fairlngs;  21-guide  row  of  platea 
22-noB8le  apparatite;  23-rotor  wheel;  24-hatch  of  transverse  gear; 
26-floatlng  bushing;  27-bu8hing;  28  and  36-ohambers;  29-annular  chamber ; 
30-brake  disk;  31  and  32-brake  housing;  33-feed  channel;  34-induction 
pickup;  35-drai.ri|  37-exhau8t  duct. 
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turblnos  such  a  ntothod  is  not  peroilsslblo,  since  the  moment  In  the  thrust  bearing 
defends  on  the  axial  load,  and,  consequently,  also  on  the  operating  regime  of  the 
turbine , 

In  the  exporinental  turbine  (Fig.  10-21),  the  housings  of  the  Journal  and  Journal- 
thrust  bearings  are  distributed  in  the  split  "floating"  bushing  26.  In  the  non- 
detachable  bushing  27,  immovably  connected  with  the  housing  in  sections  AA  and  BB, 
are  four  syunaetrical  chambers  28, each  fed  through  throttling  washers  with  compressed 
air  with  a  pressure  (aba),  from  the  annular  chamber  29*  In  operating  conditions 

due  to  the  difference  of  gaps  between  bushings  26  and  27  above  and  below,  the  pres¬ 
sure  in  the  upper  chambers  28  will  be  less  than  the  pressure  in  the  lower  chambers 
36.  The  difference  of  pressures,  directed  upward,  under  determined  conditions  will 
balance  the  weight  of  the  construction  included  in  bushing  26,  and  will  force  it 
to  "float," 

The  main  load  moment  from  the  disk  of  the  hydraulic  brake  30  is  transmitted  to 
the  housing  of  the  hydraulic  brake  32,  rigidly  Joined  with  the  "floating"  bushing 
26.  Therefore  motaents  of  bearings  and  load  moment  of  the  disk  of  the  brake  are 
added  and  are  balanced  by  the  moment  of  the  measuring  device  applied  to  the  housing 
32.  Thus,  the  measuring  device  moaisures  the  ston  of  three  moments:  moment  of  the 
Journal  bearirig,  moomnt  of  the  Journal-thrust  bearing  and  moment  on  the  disk  of 
the  hydraulic  brake.  The  moment  developed  as  a  result  of  friction  of  disk  23  against 
sir.  Is  not  considered  by  scales,  but  can  bs  determined  with  necessary  accuracy 
by  means  of  calibration. 

The  axial  force  of  the  rotor  wheel,  transmitted  to  the  "floating"  bushing  through 
the  Journal-thrust  bearing,  is  measured  by  a  special  measuring  head. 

Water  in  the  hydraulic  brake  moves  by  an  open  stz^avi  into  the  feed  channel 
33  and  departs  through  the  drain  valve  35-  The  tachometer,  revolution  coimter 
»nd  automatic  safety  device  in  the  described  machine  are  electrical,  operating  from 
the  general  induction  data  pickup  34. 

For  ir/JarMiro’^Tnt  of  c;  fionHn  t.lr.  1’  r.v-', i.o" 


during  work  without  ft  wheel  ft  epeeiftl  trftnsveree  gear  with  an  autonatlc  electrical 
drive  inatftlled  in  the  hatch  24  ie  applied. 
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1*  Table  of  gae-dynamio  functions  for  k  “  1,4  and  k  1,3, 
2,  Shock  wve  diagrams  for  k  •«  1.3  and  k  ■»  1.4 
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